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selection of the value of a to suit each particular case. With forced 
draught and a high rate of combustion a may be as low as 60, and the 
value increases as the draught and rate of combustion diminish. 

All the values of a given above are for temperatures on the' 
Fahrenheit scale and Q in B.Th U. For temperatures on the Centi- 
grade scale and Q in C.H.U. the above values of a must be multiplied 

by 

Professor Osborne Reynolds, in a paper read before the Manchester 
Literary and Philosophical Society in 1874* first called attention to 
the influence of the velocity of the fluids over the surface of the 
plate on the rate of heat transmission and, suggested the formula 
Q = A -f B pv, where Q is the amount of heat transmitted per degree 
difference of temperature of fluid and metal, v is the velocity of flow 
of the fluid over the surface, p is the density of the fluid, and A and 
B are constants. 

Dr. J. T. Nicholson has developed the X&bAue Beynolds formula 
and has given the following general formula 1 for the transmission of 
heat from a gas flowing along a flue. 

Q = [200 + To' / *( l+ IVjto ~ 0z) 


Q = B.Th.U. transmitted per square foot ot‘ flue surface per hour. 

0 t = temperature of gas flowing along the flue in degrees Fah. 

0 2 as temperature of metal wall of flue in degrees Fah. 

<£ ~ £(#! -f- 0 2 ) = mean gas film temperature in degrees Fah. 
p = density of gas in lb. per cubic foot. ' - 4 1 - Y 

v = velocity of gas in feet per second. 
w — weighs of gas flowing per second in lb. 
a = area oftiluo in square inches. 
r = perimtSw of flue in inches. 

* ,111 = a/c = hydraulic mean depth of flue or tube. 

v ;. The following example worked out by Dr. Nicholson will serve to 

illustrate the application of his formula. .. 

> Lancashire boiler flue, 36 inches diameter. Cc«*l bVrnt on a grate 

20 square feet area, 400 lb. per hour. Air 24 lb. pet pound of coal. 

Temperature of gases leaving fire, 2200° F. Temperature of gases at 

drop flue, 900° F. Hteam temperature, 350° F. 

mu 1 2200 *f 900 

Then average value of 0 X = — — =1 00 O. 


~ 950, assuming that the temperature of the 


metal is equal to the temperature of the steam. 



per lb. of fuel = 25 lb. w = lb. 

r 00 x 60 


>X* 36 a square inches. 


144//’ . . „ 

pv = = 0*4 lb. 

a 


leat transmission in steam boilers, as deduct Jram 
* Jwwr Institution of ‘ 
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m = 


7T x 36 2 36 


4 x 36ir 
950 


= 9 inuhos. 


4 

Therefore Q = X Ml X 0'4j(1550 - 350) 


+ - = 1 : 11 . 

m 


= 5-092 x 1200 

= 6100 B.Th.U. per square foot per hour. 


15. Work. — When a force acting on a body causes that body to 
move, the force is said to do work. Also, if a body is moved against a 
resistance, work is done in overcoming the resistance. The amount of 
work done depends on the magnitude of the force and also on the 

" distance through which it acts. 

’ In measuring work the unit which ig, generally used by engineers is 
the work done when a force of one pound acts through a distance of 
one foot, this unit being called a foot-pound . If the unit taken be the 
work done when a force of one ton acts through a distance of one foot, 
it is called a foot-ton. The foot-ton is used in measuring large quantities 
% of work. For measuring small quantities of work the inch-pound , or 
the work done when a force of one pound acts through a distance of 
one inch, is frequently used. 

The work done by a force is found by multiplying the magnitude of 
the force by the distance through which it acts. 

16. Turning Moment— Work in Turning. — When a force V acting 
on a body causes that body to rotate about a fixed axis, the line of 
action of the force being in a plane perpendicular to that axis, the 
product of P, the magnitude of the force, and the perpendicular 
distance R of its line of action from the axis is called the tummy 
moment or torque of the driving force 1\ If P is in pounds and R is in 
feet, the turning moment PR is in pound-feet or foot-pounds ; but if P 
is in pounds and R is irt inches, PR is in pound-inches or inch-pounds. 
If the line of action of P is not in a plane perpendicular to the axis of 
rotation, but makes an angle 0 with that plane, then the turning 
moment is PR oos H 0. 

If R, the leverage of P, remains constant during the rotation of the 
body, and if the magnitude of P is also constant, then if <o is the angle 
in radians through which the body turns, the distance through which 
V acts is a>R, and the work done by P is PwR, or Tw, where T is the 
turning moment. If the leverage R or the force P, or both, should 
vary, then if T is the mean turning moment the work done is To*. 

If the amount of turning is given as n revolutions, then the distance 
through which P acts is 27rllw, and the work done is 2*rPRw, or 2?rTw. 

17. Rate of Work— Horse-power. — The working power, of any 
agent depends on the amount of work which it can do in a given time. 
Watt found that a good working horse could do 33,000 foot-pounds of 
work in one minute, and he introduced this as the unit for measuring 
the working power of steam engines. A steam-engine or any working 
agent is said to be of one horsepower when it can do 33,000 foot-pounds 
of work in ono minute, or 550 foot-pounds in one second. 

Evidently the simple rule for finding the horse-power of anv work- 
ing agent, or the horse-power transmitted by any piece of machinery, is 
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to divide the number of foot-pounds of work done or transmitted per 
minute by 33,000, or horse-power equals work per second divided 
by 550. 

Horse-power is a measure of the rate of doing or transmitting 
work. 

1 horse-power per hour or 1 horse-power-hour = 33,000 x 60 foot- 
pounds per hour. 

18. Electrical Units and their Mechanical Equivalents. — The 
electromotive force, or electric pressure of an electric current, is 
measured in volts, and tho strength of the current, or the rate of flow 
of the electricity across a section of the conductor, is measured in 
amjicreft. Tho power of a current of 1 ampere at an electrical pressure 
of L volt is called a watt. Volts X amperes = watts. -1 horse-power 
= 746 watts. 1 kilowatt = 1000 watts =■ 1*3405 horse-power 
= 44,236 foot-pounds per minute. I electrical unit or 1 Board of 
Trade unit = 1000 watt-lioifrs. 

19. Energy. — Tn mechanics the term energy means capacity for 
doing work. 

Potential Energy is energy duo to tho relative position of one body 
to another, or of one part of a body to another part, when the two 
bodies or tho parts of the same body are under the action of a force or 
forces tending to alter their relative positions. For example, a body 
which is allowed to fall towards the earth may he made to do work ; 
lienee before it begins to fall it possesses potential energy, or energy 
due to its position in relation to the earth. A compressed spiral spring 
lias potential energy, because if it is allowed to resume its unstrained 
form it can be made to do work. Likewise compressed air possesses 
potential energy. The energy stored in a piece of coal is potential 
energy, and under favourable conditions the atoms of the constituents 
of the coal and the atoms of the oxygen of the air will rush together 
and produce heat which may he converted into work. 

Kinetic Energy is energy due to the motion of a body. A gallon of 
water at rest at a height of 100 feet above tho level ot the sea possesses 
1000 ft.-lb. of potential energy, and if this water is allowed to fall 
freely to the level of the sea, without doing work on the way, it will in 
every position of its fall possess 1000 ft.-lb. of energy, but as it 
descends its potential energy will diminish, and the- remainder of the 
1000 ft.-lb, will bo stored in the water as kinetic energy. When the 
gallon of water has fallen 25 feet its potential energy will be reduced 
to 750 ft.-lb., and its kinetic energy will then be 250 ft.-lb. 

If a body of weight W lb. falls freely from rest through a height 
of h feel it will then have stored in it W h ft.-lb. of kinetic energy, and 
its velocity will then be, v = *J'lgh feet per second. Hence tho kinetic 
WV 

energy is equal to-- — . It is evident that the kinetic energy of a 

2g 

body weighing W lb., and , moving with a velocity of v feet per second, 


Wtr 

will be the same, namely, , whatever be tho cause of the velocity. 


whether, for example, the cause be the force of gravity, as in a falling 
body, or the force of an explosion, as in a gun. 
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20. Kinetic Energy of a Rotating Body. — Tf an indefinitely small 
body of weight w lb. be moving with a linear velocity v feet per second 
in a circle of radius r feet, then its angular velocity w in radians per 

second is equal to v/r and its kinetic energy is-**- = ft.-lb. 

% 2 g 

If a body of weight W, rotating about a fixed axis with an angular 
velocity co, be dividod into indefinitely small parts of weights w ly w 2 , w Ay 
etc., whose distances from the axis of rotation are r,, r.>, etc., respec- 
tively, then the kinetic energy of the whole body is 


fjL)“ „ 

0 («W + + 


W 


where k is the radius of gy ration, and I the moment of inertia of the body 
about the ax is of rotation. If these expressions give the kinetic energy 
in ft.-lb., then W must be in lb., h in feet,* and i in lb. and foot units. 

21. Total Kinetic Energy of a Body.- If a body of weight W 
rotates about an axis through its centre of gravity Vith an angular 
velocity «, and if the radius of gyration of the body about that axis 

Wort 1 

is h, then its kinetic energy due to its rotary motion is - . If the 

centre of gravity of this body has a linear velocity r, then its kinetic; 

W«r 

energy due to its motion of translation is } . Jf the body lias both 

kinds of motion simultaneously, then its total kinetic energy is 


YWF Wtr 

' % + V 

22. Mechanical Equivalent of Heat.- -Heat and work are mutually 
convertible the one into the other. In n heat engine the heat produced 
by the combustion of the fuel used is converted into the work done by 
the engine. When the brakes are applied to the wheels of a moving 
train, in order to bring it to rest, the kinetic energy of the train is 
converted into heat at the rubbing surfaces of the brake blocks and 
wheels, or if the wheels skid the heat is produced at the rubbing 
surfaces of the wheels and rails. 

Careful experiments have shown that a certain definite number .1 
of foot-pounds of work is equi valent to 1 unit of heat and this number 
J is called the mechanical equivalent of heat. J is 1400 ft. -lb. for 1 C.J1. U. 
or 778 ft.-lb. for 1 B.Th. U. 

Joule was the first to make careful and elaborate experiments for 
the determination of the mechanical equivalent of heat, and it is there- 
fore appropriate that the initial letter of this great scientist’s name 
should be taken to denote its value. 

23. Thermodynamics. — That branch of science which deals with 
the relations between heat and mechanical energy is called thermo- 
dynamics. There are two main principles or laws of thermodynamics. 

The first law of thermodynamics is the equivalence of heat and work 
as given in the preceding Art. 

The second law of thermodynamics may be stated in various ways. 
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For the present it may be given as expressed by Clausius : It is im- 
possible for a self-acting machine, unaided by any external agency, to 
transfer heat from one body to another at a higher temperature. Or, 
more briefly, heat cannot by itself pass from one body to another at a 
higher temperature. 


Exercises I. 

1. Express the following temperatures on the Falirenhoit scale in degrees 
Centigrade, 1800, 000, 208, 72, 2.5, 0, awl - 6. 

2 . Change the following temperatures on the Centigrade scale into their 
corresponding temperatures on the Fahrenhoit scale, 1500, 550, 102, 20, 8, —16, 
and - -'20. 

8 . Find at what temperature the reading of a thermometer on the Fahrenheit 
scale will he the same as on the Centigrade scale. 

4 . Compute the difference between the lengths of two tubes, one being made 
of brass and the other of stool, at a temperature of 382° F., each tithe being 5 feet 
long at 32° F. 

5 . If a steel yafcl measure is correct at 15° C., what will be the error in its 
length at 40° C. ? 

6. A wrought iron rectangular tank, whose base is hori/outal, contains water 
to a depth of 35-24 inches when t.ho tank and water are at 15° G. Taking the 
volumes of 1 lb. of water at 15 1 C. and 6.)° C. as 0*0160 c. ft. and 0*0163 c. ft. 
respectively, and the coefficient of linear expansion of wrought iron as 0*0000117 
per degree C., calculate the depth of the water in the tank when the temperature 
of tank and water is 60° C. 

7 . Determine the weight of water which a glass flask will hold at 00° C. if it- 
holds 1*35 lb. at 10° C., having given: specific volume of water at 10° G. 
= 0 0160 c. ft. per lb., specific volume of water at 90- C. = 0*0166 c. ft., per lb., 
and coefficient of linear expansion of glass — 0*000009 for 1° G. 

8 . If the mean specific heat of copper between 0" 0. and t- C. is given by the 
expression 0*092 -j- 0*000015£, how many units of heat are required to heat 40 lb. 
of coppor from 100° C to 400° C. ? Deduce also the specific heat of copper at 
1 5 0' 1 C. 

9 . A piece of lead weighing 1*5 oz. and having a temperature of 100" C. is 
dropped into 2*5 oz. of water having a temperature of 13' C. contained by a copper 
vessel which weighs 2*3 oz. The final temperature of tlio lead, water, and vessel 
is 14*4^ 0. Deduce from this experiment the specific heat of lead, taking the 
specific heat of copper as 0 092. 

10. Assuuiiug that the mean specific boat k of wrought iron between 0° C. 
aud t° 0. is given by k — a -■{- />/, determine the constants a and 5, having given 
that the meau specific heat is 0L158 betwoeu 20° C. and 100° C. and 0*1558 
between 20° C. and 1 100° 0. 

11 . A pound of ice at 0° 0. was placed in two pounds of water at 75° C. Just 
when all the ice. was melted it was found that the temperature of the mixture 
was 23*2° C. Determine from this experiment the latent heat of fusion of ice. 

12 . Taking the specific heat of ice as 0*502 and its latent heat of fusion as 80 
C.H.U., calculate the number of units of hoat required to convert 2*5 lb. of ice at 
— 5° C. into water at 15° C. 

13 . What weight of wator at 55° F. must bo mixed with 1 lb. of steam at 
212° F. so that the resulting temporature may be 95° F. ? Take the latent heat 
of the steam as 970*6 B.Th.U. 

14 What weight of steam at 100° C. (latent heat 539*2 C.H.U.) must be mi^ed 
with 80 lb. of wator at 12° 0. in order that the temperature of the mixture may 
bo 45° C. ? 

15 . If 2 lb. of steam at 100° C. be passed into 25 lb. of wator at 15° C., compute 
the temperature of the mixture. 

16 . Apply Stefan’s law to calculate the net amount of hoat received per square 
foot per hour by the walls and roof of a locomotive fire-box, if the temperature of 
the fiame which fills the fire-box is 2140° F. and the temperature of the plates 
is 380° F. 
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17* Frdm the results of a boiler trial it was calculated that the heat trans- 
mitted from tho hot gases to the water was 3500 G.H.U. (6300 B.Th.U.) per 
square foot of heating surface per hour. The average temperaturo of tho gases 
was 810° 0. (1490° F.) and the tomporature of^ie water was 175° 0. (347° F.) 
The plates were 7-lGths of an inch thick and thfVcoeificient of conductivity was 
400 heat units per square foot per hour per defwe difference of temperature per 
1 inch thickness of plate. Calculate the temperaturo head for the plate as a per- 
centage of the total temperature head between the hot gases and the water. 

18. Using the notation of Fig. 8, p. 14, take 6, = 840° C. (1544° F.), 0 2 = 185° C. 
(365° F.), 5 =» 0*5 inch, k for plate = 400, thickness of water film = 0*01 inch, k 
for water film = 4*1, thickness of gas film 0 03 inch, k for gas film at 0° C. = 0-13 
and proportional to the } power of tho mean absolute tomporature. Assume 
mean temperaturo of gas film to be 520° C. (968° F # ). Neglect tho difference 
between t a and t x and the difference between t 2 and / 4 . 

Calculate Q, the amount of heat transmitted per square foot of plate per hour, 
and express the temporature heads for the gas film, tho plate, and the water film 
as percentages of the total temperature head, - 0 a . What would bo the value 

(0 _ Q )* 

of a in the Rankine formula, Q = — — in order that it may give the same 

0 / 

value of Q ? 

19. Apply the Nicolson formula given on p. 17, to the tubular heating surface 
of a locomotive boiler, having given : 0, = 1550° F., 0 a — 350° F., p — 0-02, in- 
ternal diameter of tubes 1*75 inches. Case I. v = 50. Case II. v = 150. Also, 
find for each case the value of a in the Rankine formula in order that it may give 
the same result. 

20. State in foot-pounds tho following amounts of energy (a) a weight of 

40 tons raised 30 font ; (5) a projectile of 40 lb. moving at 2000 feet per second ; 
(cV 3*4 horso-power-hours ; {d) 2-5 kilowatt-hours ; (tf) the calorific energy of one lb. 
oi average coal which is 8370 Centigrade heat units. [B.E.'J 
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^ EXPANSION AND COMPRESSION OF GASES 
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^ 24. Boyle’s Law. — On the results of experiments Robert Boyle 
( b . 1627, <1 . 1691) enunciated tlie law that the volume of a given weight 
of gas varies inversely as the pressure, the temperature remaining the same . 
The law may be expressed in symbols as follows. Let V A be the 
volume of a certain weight gas and P A its absolute pressure. Let the 
volume be changed to V 2 and the pressure to P 2 , the temperature 
being unchanged. Then V 2 : V A : : P A : P 3 or =s P 2 V 2 . 

Fig. 10 shows how Boyle’s law may be represented graphically. 
Suppose the gas to be enclosed in a cylinder behind a piston. When the 
piston is in the position shown, the 
volume V of the enclosed gas is 
represented by ON, and if NQ, at 
right angles to ON, be made to 
represent the pressure P of the 
gas to any convenient scale, then 
as the piston is moved out or in 
the locus of the point Q is a curvo 
AQB which is a rectangular hyper- 
bola of which OX and OV, the 
axes of volume and pressure, are 
the asymptotes, and the product 
PV is constant, the temperature of the gas being constant. 

Boyle’s law is not strictly true for any known gas but, for the gases 
air, oxygen, nitrogen, and hydrogen the departure from the law may 
in general be neglected except at very high pressures or very low 
temperatures. 

25. Law of Expansion of Bases by Heat— Absolute Temperature. 

— The expansion by heat, under constant pressure, of the gases 
which nearly obey Boyle’s law differs from the expansion of solids and 
liquids in three respects. (1) The coefficients of expansion of these 
gases are practically constant over a very wide range of temperature, 
while the coefficients for solids and liquids can only be considered as 
constant over comparatively small ranges of temperature. (2) The 
coefficients of expansion of the gases considered are very nearly the 
same for all, whilo different solids have generally different coefficients 
of expansion and so have different liquids. (3) The coefficients 
of expansion of gases are much greater than those of liquids and still 
greater than those of solids. 

Let V 0 denote the volume of a given weight of gas at 0° C., and 
let V denote its volume at t° 0., the pressure remaining the same, 
then, V ss Vfi -{- at), where a is the coefficient of expansion of the gas 

23 
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under constant pressure. The coefficient is of course the coefficient 
of cubical expansion. This law of the dilatation of gases by heat was 
first enunciated by Charles, a French scientist, about 1787, and 
subsequently in 1802 by Gay-Lussac, another French scientist. The 
law is called the law of Charles or the law of Gay-Lussac. 

Tlio value of a for hydrogen, which is the gas which most nearly 
obeys Boyle’s law, is 0*003661. For air, a = 0*003672 and for 
nitrogen, a = 0*003673. 

The value of a for hydrogen may be written • — Taking this 
value for a, and supposing that the gas is cooled f below 0° C., the 


new volume is Y = V 0 ( 1 — As the temperature 273*1° below 

0° C. is approached it is evident that V approaches zero volume, and 
therefore approaches a condition in which it can have no heat. This 
temperature 273*1° below 0° C. or — 273*1" fl. is called the absolute 
zero of temperature. 

If / is the ordinary temperature on the Centigrade scale, then the 
absolute temperature is t -[- 273*1. 

Referring again to the formula V = V„(l -f «/.), this maybe written 

v = V,(l + - 2 ~ ;i ) = V 0 ( 2< |_1 1 + ') = V. 2> 3 , Where T is thnabso- 


lute temperature corresponding to the ordinary temperature /. 

T 

The formula Y = shows that the volume of a given weight 

of gas, under constant pressure, is proportional to its absolute, 
temperature. 

Since 273*1 degrees on the Centigrade scale corresponds to 
£ x 273*1 = 491*6 degrees on the Fahrenheit scale, it folloAVs that the 
absolute zero is 491*6 Fahrenheit degrees below 32° F. Hence the 
absolute temperature corresponding to the ordinary temperature 
f F. is 491*6 - 32 + t = 459*6 -f t . 

26. Characteristic Equation of a Gas.— Let Y 0 be the volume of 
a given weight of a gas at the temperature 0° C., or 273*1° absolute, 
and let its pressure be FV Suppose that the volume is changed to V' 
and the pressure to P, the temperature remaining the same. Then 

by Boyle’s law BY' = P„V 0 and V' = Now suppose that the 


absolute temperature is changed to T, the pressure P remaining the 
same. Then by the law of Charles the volume Y' will change to 

- v - v W^i - r 'p V ' rnr T ' ,mlore FV - sm T - B * t fOT * 


p o V 0 

given weight of the gas the product P„V 0 is a constant, therefore—— . 

is a constant and may be denoted by R. Hence PV = HT. That is 
to say, for a given weight of a gas which obeys the laws of the two 
preceeding Arts, the product of the pressure and volume is propor- 
tional to the absolute temperature of the gas. The equation PV = RT 


Note. — T ho number 273*1 given above is generally taken as 273. 
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is called the characteristic equation of a gas. The value of the constant 
R will depend on the weight of the gas considered, and on the units 
of pressure and volume, and also on the absolute temperature scale. 

Generally, the weight of gas considered is one pound, the pressure 
is in pounds per square foot, and the volume is in cubic feet. 
Take the caso of air. One pound of air at standard atmospheric 
pressure, 14*7 lb. persq. in or 211G'8 lb. per sq. ft., has a volume of 
12*39 cubic feet at 0° C. Hence, using the units mentioned above 
and taking the absolute temperature T in Centigrade degrees. 


PV = 


2116-8 x 12-39 
“275T 


T = 96-03T. 


If the absolute temperature T be in Fahrenheit degrees and 
the other units are the same as before, then for one pound of air 
py — ^\l^'8^x_12*39 r „ __ -33.3 

491-6” ’ 


The characteristic equation PY -- RT, in which P,*V, and T are 
variables, is the equation to a surface which is shown in pictorial 
projection in Fig. 11. OX, 

OY, and OZ are three axes 
parallel to which volumes, 
pressures, and temperatures 
respectively are measured, 
and ACBB'C'A' is the 
surface referred to. 

For any particular tem- 
perature T x the product PY 
is constant and the curve 
AjCjBj which represents this 
is a section of the surface by 
a plane OjAjBt parallel to 
XOY, the position of this 
plane being fixed by T 1 which 
determines the distance 00!. 

It is more convenient not to 
take O on OZ as the absolute 
zero of temperature but to 
take it as representing some higher definite temperature 0, then 
OO x = T ! - 0. 

A point Oi on the surface corresponds to a volume CjMj = Yj, a 
pressuro C^N]. = P lf and a temperature 00 x + 0 = Tj. 

Any section of the surface by a plane parallel to XOY is a 
rectangular hyperbola, such as AjCxBu the co-ordinates of points in 
which represent pressure and volume according to Boyle’s law. 

Any section of the surface by a piano parallel to XOZ is a 
straight line, such as CCjC', the co-ordinates of points in which 
represent volume and temperature according to* the law that volume 
is proportional to absolute temperature when the pressure is constant. 

Any section of the surface by a plane parallel to YOZ is a straight 
line, such as DDjD', the co-ordinates of points in which are pressure 
and temperature according to the law that pressure is proportional to 
absolute temperature when the volume is constant. 
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27. Internal Energy of a Gas. — When a gas expands and does 
external work without at the same time receiving heat, the work is 
done at the expense of the heat or energy in the gas. This enorgy in 
the gas by virtue of which it can do work, although it may not all be 
available for that purpose, is called tbo internal or intrinsic energy of 
the gas. The total amount of internal energy in a given mass of gas 
cannot be determined exactly, because its behaviour and its condition 
as regards the motions of its molecules at extremely low temperatures 
are unknown. But it is obvious that if a known quantity of heat be 
given to or taken from a gas, which at the same time does no external 
work or has no work done on it, its internal energy will be increased 
or diminished by exactly that amount. In the study of heat engines 
it is only differences of internal energy which have to be doalt with, so 
that the total internal energy is not of any importance. 

The experiments of Joule showed that the internal energy of a gas 
depends on its temperature and is independent of its pressure and volume. 
Joule took two equal copper vessels A and B connected by a pipe in 
which a stop cock was fitted. A was charged with gas at a high 
pressure (22 atmospheres; and B was exhausted. These vessels were 
immersed in a tank of water, and on opening the stop cock the gas 
rushed from A to B until the pressure was the same in both vessels. 
It was then found that no change of temperature could he detoeted, 
and as the net work done by the gas was nothing, the, internal energy 
of the gas was unaltered, notwithstanding t hat its volume was doubled 
and its pressure halved. 

More delicate experiments were subsequently made by Joule and 
Thomson (Lord Kelvin) in which a steady current of gas was 
maintained through a porous plug of cotton wool. The gas on the 
supply side of the plug was kept at one constant pressure while that 
on the delivery side was kept at another, but lower constant pressure. 
In these experiments, as in Joules earlier ones, no external work was 
done by the expanding gas, but it was found that with air, oxygen, 
and nitrogen there was a slight fall in temperature after the throttling 
process. With hydrogen it was found that there was a slight rise in 
temperature at ordinary temperatures, but at low temperatures 
hydrogen behaved like the other gases. This slight cooling while, 
a gas expands without doing work is known as the Joule-Thomson 
effect . 

28. Specific Heats of Gases. — When a gas is heated under con- 
stant pressure it expands, and external work is done in overcoming 
the resistance to expansion, and more heat is required to raise the 
temperature of the gas through a given range than would be necessary 
if the gas were prevented from expanding. Hence a gas has two 
specific heats, one for constant pressure and one for constant volume. 

■ Xet 1 lb. weight of a gas occupy Y cubic feet when at the absolute 
temperature T and under a pressure of P lb. per square foot. Suppose 
that heat is given to this gas and that its temperature is raised from 
T to T lf the pressure P remaining the same. The volume of the gas 
will increase to Y 1 cubic feet. The external work done in increasing 
the volume from V to Y 1 under the constant pressure P will be 
PfYj — V) ft.-lb. or AP( Vj — V) heat units, where A is the reciprocal 
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of J the mechanical equivalent of heat. If k p is the mean specific 
heat of the gas at constant pressure between the temperatures T and 
T lt then the total heat given to the gas to change its temperature from 
T to T x is — T), and the change in its internal energy after 

heating is ^(T A - T) - AP(V X - V). 

If the same weight of the same gas is heated at constant volume 
from the temperature T to the temperature T x no external work is 
done and the change in the internal energy of the gas is therefore 
k v (T 1 — T), where k n is the mean specific heat of the gas between the 
temperatures T and T i\. 

Hence, kJ'i\ — T> — AP(V X - V) = h( T x - T) 
and AP( V x - V) = ( k p - k 0 )(T ± - T) 

When a perfect gas is heated under constant pressure its volume is 

T 

proportional to its absolute temperature, then Y x = V and V x — Y 

T T 
• V Ll ~ 1 

T • 

Hence APV-J-" T = (J k t , - *,X T i ~ T )» and PV = - k v ) T. 

But for a perfect gas PV = ltT, therefore R = J (kp — k v ). 

There is now no doubt that the specific heats of gases vary with 


,COs 

AIR 

Oa 

^^C0 2 

^N 2 

AIR 

r'' . r \ _ 


the temperature, but there is _ nn, 

still considerable uncertainty as °’ 30 r K "1 ,N 2 ' 

to the exact values of the specific 0*28 — ^ ^ ^ AIR 

heats at high temperatures, and r-Q2c Kt, ~~~TV ' ° a 

even at ordinary temperatures < **+ COi 

the values as determined by x 0 * 24 ^^ — 

different investigators vary. Oo-22— Na 

After a careful examination of GI AIR 

the results of the researches of 2° 20 ~ jz* ^2 

Mallard* and de Chatelier, gj 0 . 18 ^ 

Langen, Schreber, Holborn and ,,«*“* **" 

Austin, Holborn and Henning, 

and others, the following f orinulre n.i 4 L — 

appear to represent fairly well TEMPERATURE *C 

the specific heats of the gases 1<? 

having connection with heat 

engines. These formula* are also represented graphically in Fig. 12. 


400 800 1200 

TEMPERATURE *C 

Fig! 12. 


Specific Heats of Gases at Constant Pressure. 

K„ = specific heat of gas at constant pressure at temperature t° C. 
k p = mean specific heat of gas at constant pressure from 0° C. to 

e c. , 

Nitrogen (Kp 0*235 + 0*000,038/.) Holborn and Henning 

(N 2 ) [kp = 0*235 + 0*000,019/. J up to 1400° C. 
Oxygen iK v = 0*212 + 0*000,038/. 

(Oo) [k p = 0*212 + 0*000,019/. 

. i K p = 0*230 4 - 0*000,038/. 

Air [kp = 0*230 4- 0*000,019/. 
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According to very careful investigations by Swann, K„ for air is 
0*242 at 20° 0. and 0*243 at 100° C. 

Carbon dioxide (C0 2 ) — 

(K p = 0*201 + 0*000,1484* - 0*000, 000, 054*2) Jlolborn and Henning 
\h p == 0*201 + 0*000, 0742* - 0-000,000,018*2) up to 1400° C. 

According to very careful investigations by Swann, K« for C0 2 is 
0*202 at 20° C. and 0*221 at 100° C. 


Specific Heats of Gases at Constant Volume . 

K v = specific heat of gas at constant volume at temperature F C. 

k v = mean specific heat of gas at constant volume from 0° C. to 
*° C. 

Nitrogen (K„ = 0*165 + 0*000,038*. 

(N 2 ) \h„ = 0*165 + 0*000,019*. 

Oxygen (K, = 0*149 + 0*000,038*. 

(0 2 ) \k 0 — 0*149 -f* 0*000,0 19*. 

A . (K v = 0*162 + 0*000,038*. 

^ lr \k v = 0*162 + 0*000,019*. 

Carbon dioxide (K r = 0*156 + 0*000,1484* - 0*000,000,054/2 
(C0 2 ) \k v = 0*156 + 0*000,0742* - 0*000,000,018*2. 

29. Properties of a Perfect Gas. — Various laws of gases have been 

stated in the preceding Arts, but it has been pointed out that these 
laws are only approximately true for actual gases. A per feet or ideal 
gas is one for a given weight of which— (1) Boyles law is strictly 
true. (2) The law of Charles is strictly true. (3) PV = RT, this 
being a consequence of (1) and (2). (4) The specific heat at constant 

pressure is constant, and the specific heat at constant volume is 
constant. (5) The internal energy or the absolute amount of heat 
which it contains depends only on its temperature and is therefore 
independent of its pressure and volume. 

For many purposes it may be assumed that the laws of a perfect 
gas apply to such gases as Hydrogen, Nitrogen, Oxygen, and Air. 

30. Isothermal Expansion and Compression. — A gas is said to 
expand or be compressed isothermally when its temperature remains 
constant during the operation. But when a gas expands or is 
compressed at constant temperature it may generally be taken as 
following Boyle’s Jaw. Hence the relation between the pressure and 
volume of a gas which expands or is compressed isothermally is 
represented by the co-ordinates of the points of a rectangular hyperbola 
as described in Art. 24 and shown in Fig. 10. 

In practice perfect isothermal expansion or compression cannot 
take place. As a gas expands in a cylinder, doing work on a piston, the 
gas must lose an amount of heat equivalent to the work done and its 
temperature must therefore fall, but if the expansion takes place 
slowly there is time for heat to pass from the cylinder and piston to 
thegas, the fall in temperature is diminished and an approximation 
to isothermal expansion is the result, the approximation being closer 
the slower the rate of expansion 
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Also, in compression heat is generated in the gas due to the work 
of compression, but a portion of this heat is communicated to the 
cylinder and piston and the rise in temperature of the gas is diminished, 
and the slower the rate of compression the more nearly will the 
compression be isothermal. 

81. Isothermals for an Imperfect Gas.— The isothermals for 
hydrogen, nitrogen, oxygen and certain other gases for ordinary 
temperatures are, for practical purposes, rectangular hyperbolas, but 
for all gases, as the temperatures and pressures approach those at 
which the gas assumes the liquid state, the volume decreases more 
rapidly as the pressure increases than would be the case for a perfect 
gas. 

In illustration of this, various isothermals for carbon dioxide 
(CO*) are given in Fig. 13. The upper curve to the right is a 
rectangular hyperbola 
and is therefore an 100 -| 

isothermal for a per- 
fect gas. The next 
curve is the isothermal 
for C0 2 at 48 -V C. 90 _| 

and then follow the . ^ 

isothermals for that UJ 

gas at lower and lower {Jj 

temperatures. Con- I 

sidering the one at 3 ) 80 ”* 

21-5° C., AB is the | 

compression curve 
while the substance is < 

entirely in the gaseous z 70-j 

state. At B the gas 
begins to liquefy and gj 
liquefaction continues 3 
at constant pressure, . 

as represented by the hi 

horizontal line BC. £ 

At C the whole of tho 
gas is liquefied, and 
if the pressure is con- 5(H 

tinued and increased 
the volume diminishes 
very slowly indeed, as VOLUME 

shown by the nearly Fig. 13. -Isothermals for C0 2 . 

vertical line CD. 

If all points such as B be joined and also all points such as C, the 
dotted curve QBRCS is obtained. Any horizontal intercept, such as 
* BC, of this curve shows the passage of the gas into the liquid state and 
os the temperature for the isothermals increases the horizontal 
intercept of the curve QBRCS gets shorter and shorter and ultimately 
vanishes at the critical point R, where the temperature is about 31° C.,. 
which is the critical temperature for C0 2 .* The corresponding critical 
pressure is about 73 atmospheres. ^ 
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Below the critical temperature liquefaction of the gas begins and 
ends under a constant pressure depending on the temperature, and 
during this liquefaction the gas or vapour and its liquid exist 
separately but in contact. No such condition is possible above the 
critical temperature, and although the gas may be compressed at 
temperatures above the critical temperature until the density becomes 
that of the liquid, there is no definite change from gas to liquid at any 
definite pressure or temperature. 

32. Adiabatic Expansion and Compression. — A gas is said to 
expand or be compressed adiabatically when, during the operation, 
there is no interchange of hoat between the gas and any other body. 
This does not mean that the amount of heat in the ga 9 remains 
constant. The amount of heat in the gas will diminish if during 
expansion the gas does work, the diminution in heat being equivalent 
to the work done. Also, the amount of hoat in the gas will increase 
during compression, the increase being equivalent to the work done in 
compressing the gas. 

In practice perfect adiabatic expansion or compression of a gas 
cannot take place because of the interchange of heat between the gas 
and the enveloping cylinder or other vessel containing it, but the more 
rapidly the expansion or compression is performed the less will be the 
interchange of heat and the more nearly will the expansion or 
compression be adiabatic. 

33. Energy Equation for a Gas.— If a gas receives a quantity of 
heat Q while the gas in expanding does an amount of external 
work W and there is an increase E in the internal energy, then 

Q = E + W. 

This is called tho energy equation for tho gas. The quantities of 
energy Q, E, and W must of course all be measured in terms of the 
same unit, say the thermal unit or the foot-pound unit. 

If the gas is cooled instead of being heated then Q is negative. If 
the internal energy is diminished then El is negative, and if external 
work is done on the gas by compressing it, then W is negative. 

34. Adiabatic Equation for a Gas : PV Y = C. — Consider the case 
of a unit mass of a perfect gas which is expanding or being compressed. 
At any instant let tho pressure be P in pounds 
per square foot and tho volume V in cubic feet 
(Fig. 14). Let an inde finitely small change dV 
take place in the volume V and let the change 
in temperature be dT. 

The external work W done by or on the 
gas during the indefinitely small change of 
volume is PdV foot-pounds and the change 
E in the internal energy is JZylT foot-pounds. 

Since tfie change is made adiabatically, Q, 
the heat added, is nothing, therefore applying the energy equation 
Q =r E + W, 

JflylT + PdV = 0 (1) 

PV . PWV 4- V77P 

But * 5 - = T. Differentiating this, <2T 

K Jtt 
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Substituting this value of dT in (1) 

P/iV 4 - VdV 

Jk v - - + MV = 0. But B = J(k p - k v ) 

mi £ 7 FdV 4“ VdP T) J'rr 

Therefore , + PdV = 0, 

» ““ 

which reduces to -f ^ =0 (2) 

Hence, integrating (2), log* P + —■ log g V = constant, the ratio 

/Cv 

of Die two specific heats, is denoted by y, 

Hence log e P + y log c Y = constant, 

and therefore PV Y = constant. 


When the expansion or compression of a gas does not follow the 
law PV 7 = constant or the Law PV = constant it generally follows 
very approximately a law PV n = constant, where n lies between 1 
and 1*4:. 

35. Geometry of the Curve PV rt =C. — The first point to notice 
with regard to the equation V V n = C is, that taking logs of both sides, 
log P -f m log V = log C, which may bo written ;//-f nx = c, gives the 
equation to a straight line. Let AQB (Fig. 15) Iks the graph of the 



equation PV* 1 = C, when n = 1*4, and let Q be any point in the curve 
QN = P, and QM = V. Take another pair of axes OjXi and 
(Fig. 16). Plot the point Qj so that QiNj = log P and QjMj =log V. 
If this be repeated for other points in the curve it will be found 
that the points obtained all lie in a straight line LK ad shown and 

= n = 1-4. Also OjL = log C. 

Again, let DSE (Fig. 15) be a given curve: it is required to find 
whether its co ordinates obey the law PV« = C, and if not what is the 
best value of n which will make PV» as C approximately true for this 
curve. A number of points are taken in the curve DSE and the log P 
and log V for each are found and plotted as in Fig. 17. The points 
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obtained in this way do not lie exactly in a straight line, which shows 
that the equation for the curve DSE is not exactly of the form PV» = C. 
LK is the straight line which most nearly contains all the points, and 
the best value of n which will make PV n = C approximately true foi 

the curve is equal to g-g =1*3, and the best value of C is found from 

log C = OjL. 1 

In working these problems it is not necessary to measure P and V 
on the true pressure and volume scales ; any convenient scales may bo 
used, but preferably the same scale should be used for pressure and 
volume. That is to say, QN and QM (Fig. 15) may be measured with 
any linear scale. An ordinary centimetre scale with millimetre sub- 
divisions will generally be found very convenient, and if the centimetre 
be taken as the unit of pressure and unit of volume then the unit for 
the logs may be 5 or 10 centimetres. 

Having given one point (P = Pj and V =■ V x ) on a curve PV n = C, 
n being known, other .points may be found as follows. Log C is first 
found from log P x + n log V x = log C. Then assume different values 
for V and calculate the corresponding values of P from the equation 
log P = log C — n log V. 

In working problems on the curve PV" = C the continued reference 
to a table of logarithms is avoided by the use of a chart devised by the 
author and first described in The Mechanical Engineer , March 3, 1900. 
The chart, with three problems worked out on it, is shown in Fig. 18 
and is constructed as follows. 


XOXj and YOY 3 are axes at right angles to one another dividing 
the paper into four fields. Volumes are measured along OX and 
pressures along OY, preferably with the same scale as already ex- 
plained. The curve PV W = C comes into the field XOY, called the 
P.Y. field, as in Fig. 15. 

The logs of the pressures are measured along OXj arid -the logs of 
the volumes along OY 2 . The curve in the field XjOY, called the 
P log P field, is plotted from a table of logs, heights above OX 2 being 
pressures and distances along OXj the corresponding logs of these 
pressures. The curve in the field XOY lf called the Y log V field, is 
also plotted from a table of logs, but if the pressure and volume scales 
are the same and *the log P and log V scales are the same, which is 
preferable, then the curve in the V log V field will be the same as 
that in the P log P field. 

The lines corresponding to the line LK in Figs. 16 and 17 come 
into the field XjOY t , called the log field. 

Problem I. — Given the point Q on a curve whose equation is 
pyi-4 = ft i a required to construct the curve. 

Through Q draw QQ' parallel to XOX x to meet the P log P curve 
at Q' and draw QQ" parallel to YOY t to meet the V log V curve at Q". 
Determine Qj by completing the rectangle Q'QQ"Q!. Take on OY x 
unit distance OK on the log V scale and make OM on OXx equal to n, 
in this case 1*4, on the log P scale. Join KM/ Through Q x draw 
AiQjBj parallel to MK. Any number of points on the curve required 
may now be determined by the process which is exactly the reverse of 
that used for finding Q x from Q. 
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Problkm II. — Given the curve DSE : it is required to find whether 
it is of the form PV” = C, and if not, to find the best value of n which 
will make PV n = C approximately true for this curve. 

Take a number of points on DSE and find the corresponding points 
in the log field as shown. It will be seen that these points in the log 
field are not exactly in a straight line and therefore the curve DSE 
is not exactly of the form PV n = C. The straight line which most 


iHiiiiimii 
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. 18. — Chart for the construction and study of curves of the form PV 7 * = C. 


nearly contains these points in the log field is next drawn and a line 
ICL parallel to it determines OL = 1*2, the required value of w. 

Problem III.. — To draw through the point F the curve FH whose 
equation is PV = C. . 

In this case n = 1. The construction is the same as for the curve 
AQB and need’ not he further described. 

For the case where n = 1 the simple construction shown in Fig. 19 
should be used. Q is a given point. To find a point R either to the 
right or to the left of Q where the volume is ON proceed as ‘follows. 
Draw QM and NR parallel to OY. Draw QS parallel to OX to meet 

D 
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Nil or NR produced at S. Join OS and produce it if necessary to cut 
MQ or MQ produced at T. Draw TR parallel to OX to meet NS or 
NS produced at It. The point 11 is another 
point in the curve which is a rectangular 
hyperbola and is symmetrical about the 
line OU which bisects the angle XOY. 

Referring again to the chart. The 
essential parts of the chart are the axes 
and the P log P and V log V curves and 
if these are drawn on accurate squared 
paper, preferably ruled in centimetres and 
millimetres, points in the different lields Fig. 19. 

may be located without drawing any lines 

from one field to another. Problems may bo worked on a piece of 
tracing paper placed over the chart. {Suppose for example that it 
is required to examine an expansion or compression curve of an 
indicator diagram. Make a tracing of the curve together with the 
axes XOX! and YOY x which should be known. Placing the tracing 
over the chart so that the axes on the tracing coincide with the axes 
on the chart the curve may be dealt with as in Problem II. 

Fig. 20 shows various curves of the form PV ,f = C in order to 
illustrate the iulluencc of the index n on the slope of the curve. The 




O LOG. V X, 

Fig. 20. Fig. 21. 


curves all pass through t he; point Q. At any particular pressure or at 
any particular volume the curve is steeper the larger the value of n$ 
Examining the log P log V diagram ( Pig. 21) it is seen that the smaller 
n is the less is the inclination of LK to OjXj, and when n *= 0. LK 
which passes through becomes parallel to OjXj., and log P is con- 
stant. Hence P is constant and equal to the pressure at Q. As ri 
increases the inclination of Llv to O i X 1 increases and when n is infinite 
LK which passes through Qj becomes parallel to OjY 1 and log V is 
constant. Hence V is constant and equal to the volume at Q. 

The equation PV W = C may be written P = OV~ n Hence 
PV 7 ' P 

= — »C V = — n ^ u , . ] -- which gives tho slope of the 

curve at the point where the pressure is P and the volume V. Let Q 
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(Pig. 22) bo this point, and let RT be tho tangent to the curve at Q 
meeting OX at R and OY at T. The slope of the curve at Q = tan 0 

dP QN A1 P QN TT QN QN 

Also— = — Hence — n — — — — • 




NR 


V QM 


Therefore n-^-°- N -™ 
lhere o e « jjR ~ NR ~ MO ' 


QM 


Nit 




36. Work done during Isothermal Expansion or Compression.— 
Referring to Fig. 23, let AQB be an isothermal expansion or com- 
pression curve. This is a rectangular hyperbola whose equation is 
PY = C. Let the pressures at A and B be P* and P 2 and tho volumes 
V 1 and V 2 respectively. From a point Q where the volume is Y and 
pressure P let an indefinitely small change r/Y take place in tlie 

volume V. The work done during this change of volume is 1\7Y — C 

and the whole work done during the expansion or compression is 

I v y l y = c log, Y 3 - C log. V x = C log, = l\\ , log, 

This work is represented by the area AQBDE. 

Yo 

Using common logs the work done is 2*3026 Pi Yj log- 

If the pressures are in pounds por square foot and the volumes in 
cubic feet the work is in foot-pounds. 

It will be noticed that when Y 2 is infinite the total work done 
during expansion or compression is also infinite, that is, the area under 
the curve AQB when produced to infinity in the direction OX is 
infinite. 

37. Work done during Expansion or Compression when 

PV n = C. — Referring to Fig. 23 and proceeding as in the preceding 

Art., the work done during the change of volume (IV is P dV = C-->- 

Y * 

and the whole work done during the expansion or compression is 

f *c-- = - iL v {-* = p t7i- p i v i = W ~ w* 

\j n 1— n I— n 1 — m m— 1 
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If the pressures are in pounds per square foot and the volumes in 
cubic feet the work is in foot-pounds. 

It may be pointed out here that V 2 being greater than V x then 
P 2 V 2 is less than PjVj ; for, since P 2 Y 2 TC = PiY x n it follows that 


PoVo = PiYi- 1 — In the limit when Yo is infinite P 0 Y 0 = 0. 

£ A A 1 y « — i “ “ 

Also, if PoVo = RTo, then when Y 0 is infinite T 2 = 0. 

p y 

The limit to the work done is evidently '~ j when V 2 is infinite. 


38. Graphic Representation of the Internal Energy of a Gas.— 
When a gas expands adiabatically all the external work done is done 
at the expense of the internal energy of the gas. Henco, referring to 
Fig. 23, since the work done while the volume changes from Y a to Y 2 
is represented by the area AQBDE, then if AQB is an adiabatic 
expansion curve the area AQBDE will represent the loss of internal 
energy. Now the theoretical maximum amount of external work 
which can be got out of the gas is represented by the area under the 
adiabatic (Pig. 24) when the latter is produced to meet the axis OX 


X V 

at infinity and this is equal to - 

PA' ^ LiT 

The expression — 1 ^ or its equivalent _ ^ is frequently quoted 

as giving the total internal energy of a unit mass of a gas whose 
pressure is P x and volume Yj or >\hose absolute temperature is Tj. 
The assumptions made when this is done are, ( 1 ) that the gas behaves 



as a perfect gas throughout the whole range of the expansion to infinity, 
and (2) that the gas at absolute zero pressure and temperature has nr) 
internal energy. Making these assumptions the totril internal energy 


liT 

of a unit mass of gas, in work units (say foot-pounds), is j = J£ v Tj, 

from which, R = J (7c p - A-*), a result which has been already demonstrated 


in Art. 28. 


Referring to Fig. 24 the area of the rectangle ALOM is equal to 
P^Yj. Hence the area under the adiabatic AQ from A to infinity in 
the direction OX is equal to the area of the rectangle ALOM divided 
by y — 1. Taking y = 1*4 for air the area under the adiabatic from 
A to infinity is 2 5 times the area of the rectangle ALOM. 
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If from points A and 1$ in an isothermal AIJS adiabatics AQ and 
BR be drawn, as shown in Fig. 25, the area QAMX, when Q and X 

p y 

are at an infinite distance from O, is -- — \ . and the area IIBNX, 

y — 1 * 

p y 

when Ti and X are at an infinite distance from O. is —" 7 . But since 

v — 1 

A and B aro on an isothermal P,Vi = P 2 V., therefore PlV -' : Pa Xs , 

y — 1 7 ~ 1 

or the internal energy of the gas as at A is the samo as at B. This 
also follows at once from the fact that the temperature at A is the 
same as at B. 

39. Relations between Pressure, Volume, and Temperature when 
pyn == C, and PV = RT. Let P lf V lt and Tj bo the pressure, volume 
and absolute temperature of a given weight of gas which expands or is 
compressed until the pressure is P 2 , and let the volume then be V« and 
the absolute temperature T 2 . 

From the relation PV n = C, P 2 V 3 W = P 1 V 1 ' t 
Hen*, £_-(£)" n,,„ 

From the relation PV = RT, P 2 V 3 = RT 2 and P X V X = RT X 


Hence 


t 2 _ p 2 v 2 _ 7 YiYf Y?\ _ / v i\ n ~ l 

b 1 v 1 -Vv 2 /Vv 1 )-1 v v^ 



KIlBi 




- c JPi t 7 
0 5 znVzTT-f" 


1 — I ■ -a .4. 1. T I L_X— 1 1 Q I L,LL1. — L3LJ 1 1 I 1 I 

0 0-5 10 1 5 2 0 2*5 0 0-5 10 15 2 0 2 5 


Fig. 26 . 


Fig. 27 . 


Pt T V 

The ratios p~ and ^ are plotted on a y* base in Fig. 26 and on a 

T 2 

y base in Kg. 27, for the case where n = 1*4. 
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Any one of the above ratios is calculated from either of the other 
two by means of logarithms as follows : — 


. P 2 , V I 

logp- = »log v - = n - 


--lo«^ 
1 °T X 


l 0 .r V J - - loir = -1- lo<r 

° V s H ° P t H - 1 ° T 1 
log- - l)log v - 2 = —log 


Po 

Pi 


40. Heat Received or Rejected by a Gas during Expansion or 
Compression.— Dealing with one pound weight of the gas, consider it 
when its pressure is P, volume V, and absolute temperature T, and let 
an indelinitely small change dV take place in the volume which is 
accompanied by the indefinitely small chango d P in the pressure and 
the indelinitely small change dT in the temperature, and let dQ bo the 
indefinitely small amount of hoat received or rejected. 

Stating quantities of energy in thermal units, the change in the 
internal energy is AyiT, and the external work done is APdV, where 
A = 1/J. 

But heat received or rejected = change in internal energy -f- external 
work done. 

Therefore dQ = + APrfV, and = k,?^ + AP (1) 


Note that dQ is positive or negative according as heat is received 
or rejected by the gas, Jc 0 dT is positive or negative according as the 
temperature of the gas is raised or lowered, and AP dV is positive or 
negative according as work is done by the gas or done on it. 

If PV = RT, then 


dT 

dV 



(3) 


dT 


Substituting the value of y from (2) in (1), 

< ' <i “?;( p+v ^) +Ap = A( i>+v ;rv) +Ai> 


r/V 

Therefore 


A Hy P+v'* p \ 
dV y-li 7 ^ iiv) 


(») 


If PV M = C, then V n '-~ + »PV'-« = 0, and = - »P 
d V rfV 


Substituting —wP for in (3), then 


dQ 

dV 


A ( y P-rf)= y *-*AP ... (4) 
7 - 1 7 - 1 


^y is the rate at which heat is received or rejected by the gas 
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per cubic foot change in volume per pound of gas, and the rate per 

second is obtained by multiplying ^ by tlio speed of the piston in feet 

per second at the instant when the pressure is P. 

Multiplying both sides of equation (4) by dY, 


<1Q = 7 

y 


(i~ y ~ n Al 
y - 


a p,y, - P„V„ 

- i A 


EXPANSION 


COMPRESSION 


’ XV dX 

Integrating this between the limits V* and V 2 , then the heat 
received or rejected while the volume changes from to V 2 is 

1^/P/fV - 7 

For the case where // —■ I, f " IMV - P, V , and * — li 

J \\ 1 1 ° > ! y — I 

therefore Q = AP^Vj. log,. -y * . That is, the whole of the heat received 

or rejected by the gas is oqual to the work done by or on the gas. 
This also follows from the consideration that when n = 1 the expansion 
or compression is isothermal 
and there is no change in the 
internal energy of the gas. 

Figs. 28 and 29 show the 
differences in the expansion or 
compression curves when heat 
is received and when heat is 
rejected by the gas during 
expansion and during com- 
pression. The amount of heat 
received or rejected per pound 
of gas is equal to the shaded 
area, in thermal units, plus 
the difference between the 
temperatures at 1) and L 
multiplied by Z\„ the difference 
between tho temperatures at 
D and L being taken as posi- 
tive in each case. 

41. Air Compressors. — 

The most common form of air 
compressor for supplying air 
at high pressure is the 
cylinder and piston type 
whose action may be described 
by reference to its indicator 
diagram Fig. 30. During the suction stroke a volume of air All = V 1? 
at pressure P A , flows into the cylinder through the suction valves which 
open inwards. During the return or compression stroke this air is 
compressed and then discharged at a pressure P 2 through the delivery 
valves which open outwards. 




AD, Adiabatic. 

Alt. Actual expansion 
curve. 

Fig. 2ft. 


AD, Adiabatic. 

AD, Actual compression 
curve. 

Frc. 29. 
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The operation of compression is represented by the curve BD if it 
is performed isothermally, and by the curve BE if it is performed 
adiabatically. In practice the compression 
is neither isothermal nor adiabatic but 
is intermediate to these conditions of 
compression and is represented by a curve 
BF lying between BD and BE. 

When not compressed isothermally 
the temperature of the air rises during 
compression and more work is done in 
compressing and delivering the air. 

Now when compressed air is used it has 
almost invariably to be taken some distance from the compressor, and 
before being used it has assumed the temperature of the surrounding 
atmosphere. Hence there is no advantage in delivering the air from 
the compressor at a higher temperature than that of the atmosphere, 
and there is the disadvantage just mentioned that more work has to be 
done in the compressor. It is therefore the practice to aim at com- 
pressing the air as nearly as possible isothermally by cooling it during 
compression either by means of a water jacket surrounding the 
cylinder or by spraying water into the cylinder or by both methods. 

The law of compression is PV n = (\ where n = 1 for isothermal 



and 1*4 for adiabatic compression. 
With a water jacket n is commonly 
1*3 and with water spray it may be as 
low as 1*2. 

The net work done in compressing 
and delivering a quantity of air whose 
volume is V x at the suction pressure 
P A is evidently represented by the area 
of the diagram ABFH, Fig. 31. Taking 
the pressures P x and 1* 3 in lb. per square 
foot, and the volumes V 1 and V 2 in 
cubic feet, this work, in ft.-lb. is — 



W = 



PfV, 

I 


I\,V 2 - 1\\\ = w ~- ( (P s V g - PxV,) 


M — ! 

P«\ * 


butP 2 V 2 = PiVjQ*) 


Therefore 


w = - p . y 4 = ,-^f p ' v 4@ ' < i > 

For isothermn.1 compression W = PjVj log 8 ^ ± P 2 V 2 — PiV\ 
V)ut P 2 V 2 = P^, ' 

therefore W = PjVj log, (2) 
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Since isothermal compression is the ideal process, the efficiency of 
the process assumed in (1) may be expressed by (2) 4- (1). 

42. Effect of Clearance in Compressors. — In the preceding 
Art. it has been assumed that the piston works right up to the 
end of the cylinder and therefore that the whole of the air in the 
cylinder is expelled. But to safeguard the piston from striking the 
cylinder end, or cylinder cover, it is necessary to provide a certain 
amount of cle arance . The volum e of this clearance space is generally 
small , about 1_„ or 2 pcrjcent. ’ of the volume swept through by the 
pistou in one stroke. 

The effect of the clearance will bo seen by reference to Pig. 32 
where IIK is the clearance. At the end of the compression and 
delivery stroke a volume of air repre- 
sented by HK and having a pressure 
P 2 is left in the cylinder and when 
the piston is performing the early 
part of the suction stroke this air 
expands until its pressure falls to 
1*2, its volume then being V 3 repre- 
sented by LA. The sucfcioh valves 
cannot open until the air in the 
clearance space has expanded to the 
pressure P lt The volume of air 
taken in during the suction stroke is V 4 , represented by AB. The 
clearance space air of course does work on the piston in expanding 
and W, the net work done in compressing and delivering the air whose 
volume is V 4 at the pressure P 1? is represented by the area ABFH. 

Assuming that the value of: the index n for the curve IIA is the 
same as that for the curve BP, and making use of equation (l) of the 
preceding Art., 

W = area LBPK — area LAETK 

= „ ! . v - v 4(5r) " - ! 1 



Hence taking V 4 in Pig. 32 the same as V* in Fig. 31 it is seen 
that the net work done in compressing and delivering a given weight 
of air is independent of the clearance. It is however evident that for 
a given delivery with clearance the vplume swept through by the 
piston must be greater than the corresponding volume without clear- 
ance in the ratio of NB to AB. 

43. Volumetric Efficiency. — Referring to Fig. 32, the volume of 
air taken in during the suction stroke is represented by AB and the 
stroke volume is represented by NB. The ratio of AB to NB is 
called the volumetric efficiency of the compressor or pump. The actual 
volumetric efficiency is the ratio of the actual volume of air discharged 
in one delivery stroke, reduced to standard pressure and temperature , to 
the stroke volume. The difference between the apparent and the 



42 


HEAT ENGINES 


actual volumetric efficiencies is due not only to differences in pressure 
and temperature but also to the leakage from one side of the piston to 
the other. 

44. Multiple-Stage Compressors. — A higher efficiency is obtained 
by compressing the air in two or more stages in separate cylinders, 
the air being cooled on its way from the larger to the smaller cylinder. 
The air can be much more effectively cooled in this way because it can 
be passed through a long coil of pipe, or through a number of tubes, 
presenting a large surface to the cooling water. 

The advantage of compressing the nir in two or more stages is 
clearly shown in Fig. 33 for two-stage compression, and in Fig. 34 for 
three-stage compression. 

Referring to Fig. 33, AB represents the volume V x of air at 
pressure taken in by the first or low-pressure cylinder, and BDE is 
the compression curve assuming 
that all the compression is per- 
formed in the low-pressure 
cylinder. When the pressure 
has been raised from i > 1 to P 2 
the volume has been reduced 
from AB to MD. Tlio air is 
then delivered to the second or 
high-pressure cylinder, but on 
its way it passes through the 
inter-cooler as explained above 
and its volume is reduced to V 2 
represented by MK, the point K 
being on the isothermal BKL. 

V 2 is the volume of air taken 
into the high-pressure cylinder. 

In the high-pressure cylinder 
the volumo is reduced from MK 
to IIF and the pressure is raised from P 2 to P 3 . The whole area 
ABDEH represents the work done in compressing the volume V x of 
air from the pressure P x to the pressure P 3 and delivering it at the 
higher pressure, assuming that this is all done in the low-pressure 
cylinder, and the shaded are f a DEFK, compared with the whole area 
ABDEH, represents the saving due to using two cylinders in succession 
instead of one. 

The ■work done in the low-pressure cylinder in compressing the air 
from volume V x and pressure ¥ x to the pressure P 2 and delivering 
it at the higher pressure is represented by the area ABDM and is 

.equal t° B ”fP 1 V 1 [(&) n - l] 

The work done in the high-pressure cylinder in compressing the 
air from volume V 2 and pressure P 2 to the pressure P 3 and delivering 
it at the higher pressure is represented by the area MKFK and fc 

«» ualt V- i p * v *[(§) " _1 ] 



Fig. 33. — Two-stage compression. 
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Let W equal the total work done in the two cylinders, then 

But since the point K is on the isothermal BKL, P 2 V 2 = PjVi. 

Therefore W = , P.V,^) " + (£) - a] 

» 

Tf the pressures are in lb. per sq. ft. and the volumes are in eu. ft. 
then W is in ft.-lb. 

The total work done will evidently be a minimum when 

«-i n- i 

( Pa Y 11 , ( P‘l\ n ~ • • • 

( ~ ) -j- I ) = y is a minimum. 

Put F., = x and - - - = m. 

n 

■yin P .,** 1 dll mx m ~ * 

Then y = T - + - J ~ and ' = - iy***-— 1 

J iy* .r'“ <lx Pj* 

x m “ 1 ] V'* 

Therefore y Ls a minimum when = — — 

'Hint is when ,r 2 ' rt = P^P#* w ^ = P 1 P 3 = P 2 2 wbicb ma Y als0 bc 
L ) 4> P 

written P 2 = %/ Pi P 3 or p- = p‘ 

This gives the best value of P 2 when P x and P 3 are given. 


Since 


P 2 Po . /P 2 \ 2 

= thonUM = 


Pi 1 2 


v r 3 __ r 2 


rp] . f P 3 V_ P 2_ P < 

Therefore - p - - p g 

Substituting ( p 3 / for [f and for ^ in the expression for W 

w -.-i p ‘ v >K;)” -■] 

when the ratios of the pressures are such that the work done is a 

Coming now to three-stage compression (Fig. 34 ). \ . X 
volume Yi at pressure V x is compressed to pressure l a in the farst or 
low-pressure cylinder and is then delivered through an inter-cooler to 
the second or intermediate pressure cylinder, its volume shrinking to 
Vo. The air of volume V 2 at pressure P 3 is compressed to pressure 
Po in the intermediate cylinder, and is then delivered through another 
inter-cooler to the third or high-pressure cylinder, its volume 
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shrinking to V 3 . The air of volume V 3 and pressure P 3 is compressed 
to pressure P 4 in the high-pressure cylinder and is then delivered at 
pressure P 4 . 

As in the case of two-stage compression the shaded area in Fig. 34 
represents the saving due to using three cylinders in succession 
instead of one. 

The total work done is evidently 


~ p 2 V 2 [| 

f l’a\ “ 

i T> / 

A 2 

->] 



w-1 

+ 

n — 

i p » v »l 



But P 4 V l = P‘2^2 — Pa^ 3 

+ (^ +( £r-»] 

„ T . . . , p 2 i\ p 4 ,i\\h 

W is a minimum when y, = „ = u = ( u ) 
i 1 *2 *3 'M 

Substituting (s^)' for p 2 and for p 3 and also for p 4 


w -iV<‘r-'] 


The work done per pound of air compressed and delivered is found 


by substituting RTj for 
J?iV i in the foiegoing ex- 
pressions for W. 

All the foregoing results 
are also true when clearance 
is taken into account pro- 
vided that Vj, V 2 , and \ r 3 
denote the volumes of air 
taken into the first, second, 
and third cylinders at pres- 
sures P lf P 2 , and P 3 respec- 
tively and not the nominal 
volumes of the cylinders, the 
nominal volume of a cylinder 
being the volume swept 
through by the piston in 
one stroke. 

The work done in com- 
pressing and delivering the 
air in an air compressor as 



represented by the indicator * Fig. 84. — Three-stage compression. 


diagrams of its air cylinder 

or cylinders may be taken at from 85 per cent, to 90 per cent, of the 
work required to drive the compressor. 
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46. Compressed Air Motors. — The air to be used in a compressed 
air motor is conveyed from the compressor reservoir to the motor and 
thero will be a fall in tho pressure of the air due to friction in the 
pipe or main, the fall being greater the greater the distance of the 
motor from the compressor. 

The most common form of compressed air motor is the cylinder and 
double-acting piston type. The air is admitted into the motor 
cylinder through a mechanically operated valve and drives the piston 
forward but after a portion of the stroke of the piston has been 
performed the air supply is cut off and the stroke is completed under 
a diminishing pressure as the air expands in the cylinder. After the 
stroke is completed the air which has done the work is allowed to 
escape into the atmosphere through a mechanically operated valve. 
The return stroke is performed by compressed air acting on the other 
side of the piston. A motor of this typo works like a reciprocating 
steam ongino. 

In determining the work done in the motor cylinder four cases will 
be considered. Let P 2 = absolute pressure of the air as it enters the 
cylinder, and P 2 = absolute ^ pressure of the air as it leaves the 
cylinder. P 2 will be slightly greater than the pressure of the atmo- 
sphere. Also let Y i = volume of air at pressure P 2 admitted to the 
cylinder on one side of the piston, and V 2 -= volume of air behind 
the piston when the latter is at the end of its stroke. W = work done 
by the air whose volume is Y l at pressure P 2 . Tn tho illustrations 
(Pigs. 35 to 37 J L denotes the stroke of the piston and also the 
volume swept through by the piston in one stroke. 



Case T. (Fig. 35). — There is no clearance and th6 air expands to 
the exhaust pressure at the end of tho stroke. 

In this case V 2 = L. 


W = FiVj + P,Vl ^ sV * - P 2 V„ = - " (PjV, - P 2 V 2 ) 

n — I - h — I 


ButP 2 V 2 .= PiVj( p “) if 



Therefore 




Cask 11. (Fig. 36). — There is a clfjarance volume v 0 and the air 
expands to the exhaust pressure P 2 at the end of the stroke. 
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At the end of the return or exhaust stroke there is left in the 
cylinder, filling the clearance space, a volume v 0 of air at pressure P 2 
and before the piston commences its next stroke the incoming air at 
pressure P x has to raise the air in the clearance space to the pressure 
Pi- The amount of air required to do this is estimated as follows. 
Imagine the air filling the clearance space at pressure P 2 to be com- 
pressed to the pressure P 3 according to the law PV W =■ C, and let the 
volume of this air at the end of the compression be then 


P l v 1 « = P 2 » 0 » from which v L = v Q [ ~ 

ML 


f 


and Pjiq = 


71 — 1 



and the additional volume of air, at pressure P 1? to fill the clearance 
space is t> 0 — *>i- 

The formula for the area of the diagram ABF1I in Fig. 36 is the 
same as that for the shaded area in Fig. 35 except that has to be 
changed to Y 1 -f- v } . Hence, 

M— 1 

W = " 1 x PtCVi+r, ){l - (£») - (Pj - r 2 )» 0 


- .“i (£)”' ] + ■ -(?;) "]-< p >- p *> 


«But = P 2 0 o (p;) 
Therefore 


14 -l 

PiV“ 

2 


w - - (#*)' p 4© " j-< p i- p ^ 

In Case T., P 2 L« = PjV," Therefore L = Y 1 (^ 1 ) n 


In Case TI., P 2 (L + %)» = P 1 (V 1 + ?' l )» 


Therefore L*= Yi(^)” + »>j( ^ )’* - v () 


i 



Therefore L = V-ZiT 1 ) n as in Case I. 

'In 

That is to say, for the consumption of the same volume of air at 
pressure P x the stroke of the piston is the same for Case II. as for 
Case I. 

Case III. (Fig. 37). — There is a clearance volume » 0 , the air 
expands to the exhaust pressure P 2 at the end of the stroke, and the 
exhaust valve closes before the end of the return stroke, the point at 



EXPANSION AND COMPRESSION OP GASES 47 


_ v -4-”X— 4^" pv ^ 

. 9 ?J%L «="3 

p^'=c,i j 

0-4 i[“ 15 1 21 ; 

l^ZJZJTL±L± Y i I „ 1 


Fig. 38. 


which it closes being such that the enclosed air at pressure P 2 is com- 
pressed to the initial pressure Pi just as the stroke is completed 

w -.:-r l( v 1+%) {i -(£)* s M i -0i 

= Pi^i^l — | the same as in Case I. 

The effect of the clearance space is therefore neutralized if there is 
compression to the initial pressure during the return stroke, but the 
volume swept through by the piston will have to be greater. 

Cask IV. (Pig. 38). — In practice the amount of compression on the 
return stroke is generally less than that assumed in Case III., also 

the stroke is shortened so 

as to cut off the toe of the y* 

diagram. The diagram of j| %\ 

work is then as shown in I \ 

Fig. 38. Cutting off the v — -PW— PV^^C 

toe of the diagram reduces 1 90 n-\-3 

the size of the cylinder con- "P 

siderably and only a com- 

paratively small amount of ^ *^0-4 __ i ‘ H&Z) X 1 i 

work is sacrificed. ‘ ^0-2 - * — * L 

Instead of finding the Fig 88 

formula for the work done 

in this case, a formula which would be more complicated than those 
of the preceding cases, a numerical example will be worked out from 
first principles. 

The data for this example are given in Fig. 38. The volumes arc 
in cubic feet and the pressures in pounds per square inch. 

The volume of air behind the piston at cut-off is first calculated and 
is found to bo 1*371 cubic feet. The pressure at the end of the com- 
pression is then computed and found to be 62*57 lb. per sq. in 

W = 144 | 9 — --j?3 — + 90(1-371 - 0-3) - 15 X 4 

_ ^62-57 X 0-2^15 x,,0_ 15x0 . 4 ) 

= 22,605 foot-pounds. 

At the end of the compression, before any additional air is admitted, 
the clearance space contains 0*2 c. ft. of air at a pressure of 62*57 lb. 
per sq. in. and if the compression is imagined to be continued according 
to the same law until the initial pressure of 901b. persq. in. is reached 
the volume would then be 0*151 c. ft. The volume of air used for the 
above amount of work is therefore 1*371 — 0*151 = 1*22 c. ft. at 90 lb. 
per sq. in. pressure. 

If the initial temperature of the air is, say, 15° C. then the weight 
of 1*22 cubic feet of it at 90 lb. per square inch pressure is 

Qfj 07^ 1 

1-22 X|~X 27T+ IB X 12^39 = °' 67 lb ‘> where 1239 “ the volume 
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iu cu^io feet of 1 lb. of air at standard atmospheric pressure and 
temperature 0° C. 

44 Fall in Temperature During Expansion — Advantage of Pre- 
heating the Air. — If P* and P 2 are the pressures of the air at the 
beginning and end of expansion in a compressed air motor, and if T 1 


T / P \ — 

and T 2 are the corresponding absolute temperatures, then ^ = ( jr J * 

where n is the index in the equation to the expansion curve. 

The air arrives at the motor from the compressor at atmospheric 
temperature and the fall in temperature is generally very considerable. 
For example, — Let Pj ■= 00 lb. per sq. in., and P 2 = 15 lb. per sq. in., 
and let theatmospheuc temperature be 15° C. (59° F.). Taking n = 1*3, 


To 


1 * 3-1 


273 + 15 


___ /15\ 1*3 

“ VMM ‘ 


Therefore To = 288 X 




From which 


T 2 = 190-5 and / 2 = 190*5 - 273 = - 82*5° C. 116-5° F.). 

When the temperature of the expanding air falls below the freezing 
point the moisture in it is frozen and the snow formed may seriously 
interfere with the working of the exhaust valve. 

The most satisfactory way of preventing too low a temperature at 
the end of ihe expansion is to preheat the air at constant pressure by 
passing it through a suitable heater. By preheating the air not only 
is the freezing effect avoided but the volume of the air is increased, the 
volume being proportional to the absolute temperature, and con- 
sequently a large proportion of the heat expended in the heater is con- 
verted into work in the motor cylinder. If W x is the amount of work 
done in the motor cylinder for the consumption of a given weight of air 
at the initial pressure, without preheating, its absolute temperature being 
Tj, and if W 2 is the work done for the same weight of air at the same 
pressure after it has been heated to the absolute temperature ^2» then, 
assuming that the work done is proportional to the volume of air used, 

W 2 = 


Exercises II 


Where pressure is mentioned without qualification “ absolute ” pressure is tp be 
understood. 

^1. A vessel contains 50 cubic feet of air at a pressure of 100 lb. per sq. in. If 
one-fifth of the air be removed by au air pump what will be the pressure of the 
remaining air, the temperature being unaltered ? 

An air receiver has a volume of 15 cubic feet and contains air at a pressure 
of 80 lb. per sq. in. and at a temperature 15° C. Taking the specific volume of 
air as 12 a 39 cubio feot per pound at 14*7 lb. per sq. in. pressuro and temperature 
(f C., find the pressure in the roceiver at 15° C. after 2 lb. woijfct of additional 
air has been pumped into it. Assume that the volume of air atjKnstant pressure 
is proportional to its absolute temperature. * 

•*3. A certain weight of air at 20° C. and40 lb. per sq. in. pressure has a volume 
of 15 cubic feet. What is the volume of this air at 0° 0. and at 70° 0., the. 
pressure remaining the same ? Also what is the weight of this air if 1 lb. of air 
at 0° G. and 14*7 lb. per sq. in. pressure is 12’39 cubic feet ? Coefficient of 
expansion of air « 0*008672 per 9 G. 
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* 4. Air at 14*7 lb. per sq. in. pressure and having a volume of 25 cubic feet is 
compressed at the constant temperature of 15° C. until its volume is 5 cubic feet. 
What is then its pressure? Tho air is then heated until its temperature is 
55° C. What is then its volume ? Coefficient of expansion of air «*s 0*003672 
per ° C. 

Find the value of B in the characteristic equation PV = BT for hydrogen, 
having given that one pound weight of hydrogon has a volume of 178*57 cubio 
feet at 0° C. and 14*7 lb. per sq. in. pressure. P to be in lb. per sq. ft., V in cubic 
feet, and T absolute temperature in Centigrade degrees. 

v/6. Tho volume, pressure, and temperature of 1 lb. of air arc, 5 cubic feet, 
50 lb. per square inch, and 102° C. respectively. Determine the temperature and 
pressure of this air after 120 C.H.U. of heat havo been given to it at constant 
volume. Take the mean specific heat of air at constant volume as 0*18. 

W. A quantity of gas occupying 3*2 cubic feet, und exerting a pressure of 14 lb. 
per square inch, and having a temperature of 20° C., is compressed until its 
volume is 2 cubic feet. If its pressure is then 25*5 lb. per square inch what is its 
temperature ? If the law of compression is PV M = C what is the value of n? 

v/ §. Taking tho specific heat of air at constant pressure as 0*287 and at constant 
volume as 0-168, calculate tho volume of 5 lb. weight of air at a pnessuro of 50 lb. 
per square inch and at a temperature of 25° C. 

•*/9. Write down the characteristic equation for a gas and apply it to solve the 
following problems : — One pound of air at a pressure of 2 atmospheres has its 
temperature raised from 60° F. to 600° F. la) at constant pressure ; (b) at con- 
stant volume ; determine, for tiach case, the final pressuro and vohimo, tho 
amouut of heat supplied, the change of internal energy, and the external work 
done. k p = 0-238, k,. = 0160. [U.L.] 

Ala. Find tho difference between the work done i.i compressing 5 cubic feet of 
air at a pressure of 15 lb. per square inch to a volume of 1 cubic foot adiabatically 
anclisothormally. 

A gas is compressed from a volume of 5 cubic feet to a volume of 2 cubic 
foot according to the law PV 1 x ’ = G. The initial pressuro and temperaturo of 
tho gas arc, 13*5 lb. per square inch and 130° C. Calculate the final pressuro and 
temperature and the work done. 

v/i2. If 1 lb. of air is oxpanded from an initial pressure of 200 lb. per square 
inch absolute, and temperature 1100° C. (20ln° F.) to a final pressuro of 40 lb. per 
square inch absolute, ( a ) adiabatically, (o) by a process definod by tho equation 
PV 1 ' 2 = constant, calculate the final temperature, and the work done in each 
case. [U.L.] 

s/13- The pressure and volume for one point on an expansion curve are, 150 lb. 
per square iucli and 1*3 cubic feet. The pressure and volume for another point 
are, 35 lb per square inch and 4*25 cubic feet. Assuming the law of the 
expansion to be PV' 1 = C, find n. 

14. The co-ordinates P and V of four 

S oints in the oxpaneion curve of an indicator | p 4.95 2-45 ‘ 1-45 1*0 

iagram were measured in centimotros and j , : • I 

are hero tabulated. Find the value of n in I — — - ; — 

the formula PV" = C which most nearly y ; 2-0 3*0 1 4-5 6 0 

agrees with this curve. 

^ 15. One pound of air at 354° F. (178*9° C.l 

expands adiabatically to three times its original volume, and in the process falls 
in tomperaturo to 60° F. (15-6° 0.). Tho work done during the expansion is 
88,410 foot-pounds. Calculate the two speoifio heats. [U.L.J 

V16. Air at a temperature of 59° F. (15° 0, ) is compressed in a cylinder from 
15 lb. pressure absolute to 120 lb. pressure absolute per sq. inch. The equation of 
the compression curve is PV 1 ' 23 =» C. Find the work done in compressing a 
pound of air, and the heat that escapes through the cylinder walls [U.L.] 
✓17. In a trial of an air compressor the absolute pressure and volume at two 
points A and B'were as follows: — At A, pressure 20 lb per sq. in., volume 10*6 
*cu. ft. At B, pressure 40 lb. per sq. in., volume 6*22 cu. ft. Find the heat 
rejected to the walls between A and B if the weight of air compressed was one 
pound. Take k v = 0*238 and k v = 0*169. [U.L.] , 

*48. Find the horse-power required to drive an air compressor which has to 

E 



50 


HEAT ENGINES 


compress 1200 cubic feet of air per minute from 16 lb. per square inch to 60 lb. 
per square inch and deliver it at the higher pressure. Assume that the index n 
for the compression curve is 1*25 and that 12 per cent, of the work supplied to 
the compressor is wasted. 

19. An air receiver having a capacity of 60*8 cubic feet has to be filled with air 
at a pressure of 80 lb. per square inch. At the beginning of the operation the 
receiver contains air at atmospheric pressure, 14*7 lb. per square inch. Find the 
work to be done assuming that the law of compression is PV 1 3 = 0. 

In designing an air compressor from certain data it was calculated that 
without clearance the stroke of the piston should be 25 inches. The compressor 
was required to compress the air from 16 lb. par square inch to 75 lb. per square 
inch. It was decided to add a linear clearance of 


3-8ths of an inch. Determine the proper length of 
stroke so that the delivery per stroke with this 
clearance may be the same as that without clear- 
ance. Assume the index n in the expansion curve 
to be 1*25. 

21. AB (Fig. 39) is a curve whoso equation is 
Vv* = Cj. DE is another curve whose equation is 
P(V + v) H = C,. The value of n is the same for 
both curves. Show that PV"~C a , and that y/V=0 4 , 
where G it C 2 , C 3 , and 0« are constants. Find also 
the values of C, and C 4 in terms of C lt C.,, and ». 

22. A single-stage double-acting air compressor has a cylinder 20 inches in 
diameter and a piston stroke of 12 inches. The clearance volume at each end of 
the cylinder is 2 per cent, of the volume swept through by the piston in one 
stroke. The suction pressure is 14 lb. per square inch, the delivery pressure is 
45 lb. per square inch, and the law of compression and expansion is PV ly = C. 
The atmospheric pressure is 15 lb. per square inch, and the piston makes 500 
strokes por minute. Determine the number of cubic feet of “free air/' that is, 
air at atmospheric pressure, compressed and delivered per minute. Find also the 
horso-power to drivo this compressor if the mechanical efficiency is 87 por cent. 

23. The L.P. cylinder of a compound air compressor draws in 4 c. ft. of air at 

a temperature of 59° F. (15° C.) and at a pressure of 15 lb. per sq. in. ab. It 
compresses this adiabatically to 30 lb. per sq. in. ab.. and then delivers it into a 
recoivor where the air is cooled undor constant pressure to 77° F. (25° C.). This 
air is then drawn into the H.F. cylinder and compressed adiabatically to 80 lb. 
per sq. in. ab. and delivered to the reservoir. Find tbo indicated horse-power 
when the compressor works at 100 revs, per minute, double acting. What, 
pressure in the roceivor would give the best efficiency, assuming the other data 
as givon above ? [U.L.j 

24. A double-acting two-Btage compressor has u high-pressure cylinder 18 

inches in diameter and a low-pressure cylinder 30 inches in diameter, the 
common stroko boing 42 inches. During a test 380 cubic feet of air at a 
pressure of 80 lb. per square inch absolute and temperature 78° F, (25*56° C ) are 
discharged from the H.P. cylinder per minute. Tlio mean effective pressures in 
the H.P. and L.P. cylinders are 34 lb. per square inch and 13*5 lb. per square 
inch respectively, and the revolutions are 75 per minute. The atmospheric 
temperature is 62° F. (16*67° C.) and the barometer is at 29*8 inches. Calculate 
the efficiency of the compression — that is, the ratio of the work required for 
isothermal compression, lo tho work actually done on the air. fU.L. | 

25. For each stroke of tho piston of a compressed-air motor one cubic foot of 

air at 90 lb. per square inch pressure is taken into the cylinder, which is 20 
inches in diameter, and expanded to the exhaust pressure which iB 15 lb. per 
square inch. Determine the stroke of tho piston, (a) when there is no clearance 
(Fig. 35, p. 45), (b) when there is a clearance volume of 5 per cent, of the volume 
swept through by the piston in one Btroke, and there is compression up to the 
initial pressure during the return stroke (Fig. 37, p. 45). In each caBe take 
n = 1*8. , 

26. The air supplied to a compressed-air motor has a pressure of 84 lb. per sq. 
in., and a temperature of 20° C. (68° F.). In the motor cylinder the air expands 
to the exhaust pressure, 15 lb. per sq. in., at the end of the stroke. The piston, 
which is double acting, has a diameter of 10 inches and a stroke of 12 inches, and 
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thero are 500 strokes per minute. The clearance volume is 5 per cent, of the 
stroke volurao, and there is compression up to the initial pressure. Calculate: 
(a) The weight of air used per minute. (6) The horse-power developed in the 
cylinder, (c) The weight of air used per horse-power per hour, (d) The 
temperature of the air at tho end of the expansion. Take n = 1*8, and the 
volume of 1 lb. of air at 14*7 lb. per sq. in. pressure and 0° C. (82° F.) temperature 
as 12-4 cubic feet. 

27. The initial pressure of the air in a compressed-air motor is 75 lb. per sq. 
in. and the final pressure is 15 lb. per sq. in. To what temperature must the air 
be preheated in ordor that the * temperature after expansion may bo 2° C. 
136-6° F.) ? Taken =1-8. 



CHAPTER III 

PROPERTIES OF STEAM 


47. Pressure Energy of a Liquid.— AB (Fig. 40) represents a 
vertical cylinder fitted with a piston of area a square feet. On the 
piston there is a constant total load W pounds which 

includes the weight of the piston and the pressure of Ai 1 w ■ 

any air, steam, or gas above the piston. The piston is W/MwM i 
raised by pumping a liquid into the cylinder beneath the *■ 
piston. I 

Let p denote the pressure of the liquid in pounds 
per square inch, and let the piston be raised a distance l ” 

feet. Evidently 144 pa = W, and the work done is Fig. 40. 

WZ = 114 pal foot-pounds. The volume of the liquid 
introduced into the cylinder is al = n cubic feet. Therefore 
144 pu ^ work done. If a is the volume of one pound of the liquid 
then 144 pa is the work done in pumping one pound of the liquid 
into the cylinder under the above conditions. Tf the operation is 
reversed W will force the liquid out of the cylinder and the liquid as 
it is discharged may bo made to do work amounting to 144 pa foot- 
pounds per pound of liquid. Hence a pound of liquid under a pressure 
of p pounds per square inch and having a volume u cubic feet possesses 
144 pn foot-pounds of energy due to its pressure and this is called the 
pressure energy of the liquid. 

48. Formation of Steam in a Boiler.— Imagine a steam boiler, 
shown at (a) Fig. 41, to contain a cylinder AB fitted with a piston. 



Fig. 41. 


The cylinder is immersed in the water in the boiler and the lower end 
of the cylinder is closed except for an opening into a feed pipe which 
passes to the outside of the boiler. The space in the cylinder above 
the piston is in free communication with the steam space of the boiler. 

Let the steam in the boiler have a constant absolute pressure p 
pounds per square inch and temperature f . At (6), (c), (d), and (e) 

52 
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the cylinder is f shown separately to a larger scale. As shown at ( b ) 
the piston is at the bottom of the cylinder. One pound of water, to 
be called the feed w'ater, at 0°C (32° F.) and having a volume w cubic 
feet is now pumped into the cylinder underneath the piston and the 
opening into the cylinder from the feed pipe is then supposed to be 
closed. The conditions are then as shown at (c). The external work 
required to force the one pound of feed water into the cylinder is 
144 pu foot-pounds and the equivalent of this in heat units is 144 Apu 
where A is the reciprocal of the mechanical equivalent of heat. 

Heat passes from the water outside the cylinder to the water 
within it and the temperature of the latter is raised to t \ the temper- 
ature of the water and steam in the boiler. The amount of this heat 
is denoted by h. The heat h added to the feed water to raise its 
temperature from 0° V. (32° F.) to t° causes it to expand slightly, its 
volume increasing from u to u ) and the piston is therefore slightly 
raised and further external work is done amounting to 144A p(u'—u) 
heat units. It w ill shortly be shown that this is a negligible quantity. 
Up to this point the total external work done is therefore 144A|)w' 
heat units. 

The ilow of heat continuing through the cylinder to the water 
within it, the latter begins to boil and evaporate, steam is formed and 
the piston is raised. As shown at ( d ) part only of tho feed water in 
the cylinder lias evaporated. Ultimately tho whole of tho one pound 
of feed water in the cylinder is evaporated and the cylinder then 
contains v cubic feet of steam below the piston as shown at (c). Prom 
the instant that the water beneath the piston begins to evaporate to 
tho instant that it is all changed into steam the volume beneath the 
piston increases from il to v and the external work to do this is 
144 Ap(v — u) heat units. 

If L is the amount of heat required to convert the one pound of 
feed water at the boiling temperature V into steam at the same 
temperature, then tho whole heat required to convert one pound of 
waiter at 0° 0. (32° P.) into steam at t° is h -f L = H. The part h is 
called the sensible heat or heat of the liquid and L is the latent heat of 
the steam. The quantity II has been generally called tho total heat 
of the steam but H does not however represent the whole of tho energy 
required to produce one pound of steam in a boiler from water at the 
freezing temperature. There is in addition the pressure energy to bo 
given to the feed water to get it into the boiler, which has been 
shown to equal 144A pu heat units. 

Prom this consideration the total energy of the steam is 
H' = II + 144 A pu. Similarly the total energy of tho water is 
li = A-f 144 Apu. Various values of 144Apw are given in the table 
below and from these it will be seen that for practical purposes tho term 
144Ajw is negligible when it is compared with h or H as found from 
steam tables. 

15 115 215 315 

0-08 i 0*21 ! 0-41 0-61 

0-05 0*38 I 0*74 1-10 


p (lb. per sq. in. ab.) 
144 A pu 
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It may be observed that the total external work done in the pro- 
duction of one pound of steam in a boiler is 

144A pu + 144Ap(w' — u) + 144A p(v — v!) =144Api> 

The internal or intrinsic energy of steam is its total energy minus 
the external work done in producing it. 

Internal energy = h' + L — 144 A po 
Having studied the formation of steam from water introduced 
under a piston in a cylinder inside a boiler, in the manner described, 
no difficulty should be experienced in seeing that the results are exactly 
the same when the cylinder and piston are dispensed with and the feed 
water is pumped directly into the boiler as in ordinary practice. 

It will be instructive to reconsider the foregoing imaginary ex- 
periment, taking numerical values. Suppose the steam in the boiler 
to exert an absolute pressure of 200 lb. per sq. in. The corresponding 
temperature is 194 4° G H = 667*7 C.H.U. L = 470*3 C.H.U. 
h = H - L = 197*4 C.H.U. u = 0*0160 c. ft. a’ = 0 0184 c. ft. 
t; = 2-30 c. ft. 

Pressure energy of 1 lb. of water at 0° C. fed into boiler 
= 144 x 200 x 0 016 = 460-8 ft. -lb. or = 0-329 C.H.U. 


69-12 


or 


External work done in expanding water 

144 x 200(0*0184-0*0160) = 69*12 ft.-lb. or =0*049 C.H.U. 

Total energy of water at boiling temperature 

= 197*4 + 0*329 + 0*049 = 197*778 C.H.U. = k' 

External work done in evaporating the water 

= 144 x 200(2*30 - 0*0184) = 65710*08 ft.-lb. 

65710*08 


1400 


— = 46-936 C.H.U. 


Total external work done in producing steam 

= 46*936 + 0*0494- 0*329 = 47*314 C.H.U., 
which is also equal to 144 x 200 X 2*3 4- 1400. 

Total energy of steam 

= 667*7 4- 0*329 + 0*049 = 668*078 C.H.U. = H' 


In this work the pressure energy of the water, 144Apw, and the 
external work done in expanding the water , will in general he neglected . 
This means that the difference between H' and H and the difference, 
between h! and h will be neglected. 

49. Saturated Steam. — When steam is in contact with water as it 
is in a steam boiler it is found that for any particular pressure there 
is a definite corresponding temperature and also a definite correspond- 
ing density. Such steam is called saturated steam . For example, if the 
pressure is 78 lb. per square inch absolute the temperature is 154*6°C. 
and a cubic foot of it weighs 0*1786 lb. Now if this steam has its 
temperature lowered by 1° C. its pressure will fall to 76 lb. per square 
inch, a portion of it will condense to water, and its density will be 
reduced to 0*1742 lb. per cubic foot. This would have happened just 
the same if the saturated steam had been first Jed away into a closed 
vessel so as to be no longer in contact with the water and then cooled 
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1°C. Such a result would not be obtained by lowering the temperature 
o f hot air. A cubic foot of hot air contained by a closed vessel would 
have its pressure lowered by a reduction of its temperature but its 
density would remain the same. For saturated steam any one of its 
various properties, pressure, temperature, density, etc., fixes all the 
others. Saturated steam at a given pressure has the greatest possible 
density for that pressure. 

The principal properties of saturated steam are given in the Ap- 
pendix, pp. 572 to 575, These properties are connected by formula based 
on the principles of thermodynamics and the results of experiments. 
The modern formulas are somewhat complicated and as they are only 
required for the construction of steam tables they will not be discussed 
in this work. Associated with the various elaborate steam tables 
which have been published in recent years discussions on the formula; 
used in their construction will be found. Simple approximate formulae 
connecting the properties of steam are of little value. The properties 
required should be taken from the tables. 
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Fio. 42. — Properties of saturated steam. 

• 

An inspection of the diagrams, Figs. 42 and 43, will give a general 
impression of the relations between the properties of saturated steam. 
In Fig. 42 the abscissae represent the pressure (p), while the ordinates 
represent the temperature (t), the specific volume (t>), and the density (to), 
to the scales given, v is in cubic feet per pound, and w is in pounds 
per cubic foot, w is of course the reciprocal of v. 

The form of the pressure-volume curve suggests that the pressure 
and volume may be related approximately by the formula yv n = C, 
where C is a constant, and it would form a very good exercise for the 
student to apply the method of Art. 35, p. 31, to this case. It will 
he seen that the relation between the pressure and density is roughly 
a linear one. As to the pressure-temperature curve it will be noticed 
that the temperature increases much more rapidly with increase of 
pressure at low than at high pressures. 

Coming now to Fig. 43, the absciss® represent the temperature (t) 9 
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while the ordinates represent the sensible heat ( h ), the latent heat (L), 
and the total hoat (H), all to the same scale. Boyond the temperature 
300° C. (572° F.), corresponding to a pressure of about 1250 lb. per 
square inch, the forms of the curves are uncertain but are probably as 
shown dotted. At the critical temperature t c the latent heat is nothing 
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Fig. 43. — Properties of saturated steam. 

and the sensible and total heat curves join up at a point .r. The 
critical temperature of steam has generally been taken as 365° 0. 
(689° F.). Professor Goodeuough 1 has recently estimated it to be 
374*6° 0. (706-3° F.). 

It will be observed that the three heat curves are fairly flat for the 
greater "portion of their length and that the difference between the 
maximum total heat and the total heat at the freezing temperature is 
only about 75 C.H.U. (135 B.Th.U.). 

50. Wet Steam -Dryness Fraction. — The steam in the steam space 
of a boiler generally contains water mixed with it, the water being in 
a finely divided state forming a mist which is mixed with the steam. 
Steam in this condition is called wet steam . The conditions which 
favour the production of wet steam are a small steam space in the 
boiler and rapid evaporation per square foot of area of free water 
surface. The production of wet steam is called 'priming but the term 
priming is frequently reserved for cases where the steam produced is 
very wet. After leaving the boiler saturated steam may become wet 
and wet steam may become more wet through the loss of heat. 

If 1 lb. of wet steam contains x lb. of pure saturated steam, the 
remainder 1 — x being water, then x is called the dryness fraction of 
the wet steam. The quality or dryness of steam is given by its dryness 
fraction. 

Heat added to wet steam causes water in it to evaporate and when 
all the water is evaporated but the temperature is not raised the wet 
steam is said to have been dried. Pure saturated steam is also called 
dry saturated steam. 

Considering 1 lb. of wet steam, its total heat is evidently the heat 
of the water part plus the heat of the steam part and is written 

1 See Appendix, p. 575. 
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(1 — x) h + x (L + h) = h + xL . Tlio volume is xv 9 neglecting the 
volume of tho water which is (1 — x) u' and is exceedingly small. 

51. Superheated Steam. — If the steam after it leaves the steam 
space in the boiler be passed through tubes which are heated by furnace 
gases the first effect on the steam is to dry it if it is nob already dry. 
The temperature of the steam then rises and superheated steam is the 
result. Under tho usual conditions of superl mating the pressure of 
the steam is not altered because there is free communication between 
the steam space in the boiler and tho interior of the superheater. The 
superheating therefore takes place under constant pressure. 

The greater the amount of superheating the more nearly does the 
steam acquire the properties of a perfect gas. The amount of super- 
heating is measured by the rise in temperature of the steam above its 
tomperature of saturation. 

The advantages which superheated steam possesses over saturated 
steam will he considered later. 


52. Specific Heat of Superheated Steam. - The specific heat of 
superheated steam varies with the pressure and with the degree of 
q 75 t superheating, increasing with the pres- 

IB L_ sure and diminishing with the amount 

nol — of superheating. For a given pressure 

tho specific neat is greatest at the 

saturation temperature and it dimin- 

islies most rapidly in the neighbour- 

~IZL 4 hood of that temperature as the 

| superheating increases. 

i The best authorities are not yet in 

_ . * agreement as to the values of the 

-f specific heat of steam, the disagree- 

■ _ ment boing greatest at saturation tem- 

peratures. A general impression, of 

n the variation of the specitic heat with 
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Fig. 44.— Specific heat of superheated steam. 


pressure and amount of superheat will be obtained from an inspection 
of Fig. 44 which exhibits approximately the specific heat of superheated 
steam for various pressures and various degrees of suj>erheat. 

53. Total Heat cf Superheated Steam.— The heat required to raise 
the temperature of 1 lb. of steam from its saturation temperature 
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U to a temperature t, at constant pressure, is h P ( t — ts), where lc p is 
the mean specific heat at constant pressure between the temperatures 
t s and t. The total heat of the steam superheated to the temperature 
t is therefore H + h p (t — /*), wliere H is the total heat of the dry 
saturated steam. Tables giving the total heat of superheated steam at 
various pressures for various degrees of superheat will be found in the 
Appendix, p. 576. 

The total heat of superheated steam, at various pressures, is plotted 
against degrees of superheat in Fig. 45. This diagram shows clearly 
that, for a given pressure, as the temperature is increased the amount 
of heat added per degree increase of temperature becomes more nearly 
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Fig. 45.— -Total heat of superheated steam. 

constant. Also, the heat added per degree of superheat is not greatly 
affected by pressure except at low degrees of superheat and then only 
for high pressures. 

54. Specific Volume of Superheated Steam. — Values of the specific 
volume of superheated steam at various pressures and for various 
degrees of superheat are given in the Appendix, p. 577. The varia- 
tions of specific volume with degrees of superheat for various pressures 
are also exhibited in Fig. 46. 

It will be seen that, for a given pressure, the relation between the 
specific volume and degrees of superheat is approximately a linear one. 
For some problems it may bo sufficiently accurate to assume that, at a 
given pressure, the volume of superheated steam is proportional to its 
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absolute temperature, which of course is assuming that it behaves like 
a perfect gas. Expressed in symbols this means that Y, : V 0 : : T x : T 2 , 
where V x and V 2 are the volumes of a given weight of superheated 
steam at absolute temperatures T x and T 2 respectively. 
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Fig. 46 . — Specific volume of superheated steam. 


55. Entropy. — The conception of entropy is one which is extremely 
useful in the study of heat engines. The difficulty which the student 
experiences when this term is first encountered is probably due to the 
fact that entropy is not a physical property of matter which may be 
measured directly like weight, volume, temperature, etp. 

Probably the simplest way to grasp the conception of entropy is 
to consider a diagram in which ordinates represent the variation of the 
temperature of a substance to which heat is being added, or from which 
heat is being subtracted, and the area represents the heat added, or 
subtracted ; then the abscissse represent entropy. Such a diagram is 
called a temperature-entropy diagram. 

The simplest form of the temperature-entropy diagram is a rect- 
angle such as ABCD, Fig. 47, in which AB represents the absolute 
temperature T of a substance of unit weight to which q units of heat 
are added at constant temperature, as for instance when water is 
boiling. The base AD represents the increase in the entropy of the 
substance and is denoted by </>. The area of the diagram is AB x AD 
* T<£ = q % In stating that the area of the diagram is equal to q heat 
units, the unit of area may be taken as that of a rectangle whose 
height on the temperature scale is 1° and whose base on the entropy 
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scale is 1 unit of entropy, or it may be a rectangle whose height is 10° 
and whose base is 1-1 0th of a unit of entropy, or a rectangle of any 
other dimensions such that 


its height measured on the 
temperature scale multiplied 
by its base n^sured on the 
entropy scale is equal to 
unity. 

If during the operation 
of adding heat to the sub- 
stance the temperature rises 
as shown in Fig. 48 then 
the product T <f> is still equal 
to q, the heat added, if T is 
the mean absolute tempera- 
ture during the process. 

A numerical example 
showing how the increase in 
entropy may bo calculated 
when a substance is heated 



Fig. 47. 



mm 

K<H A D E 

Fig. 48. Fig. 49. 


will now bo taken. A pound 

of water at If 0. or 273 n 0. absolute has its temperature raised 10 0. 
Assuming that the specific heat of the water is constant and equal to 
unity the amount of heat added is 10 C.H.U. and the temperature 
entropy diagram ABCD, Fig. 49, will have an area representing 
10 C.H.U. of heat. Assuming next that the mean absolute tem- 


perature or mean height of the diagram is 


273 + 2S3 


= 278, then if </» A 


is the increase in entropy due to the addition of 10 units of heat, 

10 

27 =10. Therefore </> A = = 0 03C0. Now let the temperature 


be raised another 10° by the addition of another 10 units of heat, and 
lej <f»o denote the further increase in entropy. Taking the mean 


absolute temperature during the 


second operation to be 


283 + 293 
2 


= 288, then 28 8<f> 2 =10, and <f> 2 = 0 0347. The increase in entropy 
for the two steps is + <jf >2 = 0 0707. 

In the above calculations two assumptions have been made which 
are not strictly justified. The first assumption was that the specific 
heat of water is unity, which is not quite true, but this rnay be corrected 
by multiplying the rise in temperature by the mean specific heat for 
that rise to obtain the true amount of heat added. The second 
assumption was that the mean temperature during the addition of tho 
heat was the arithmetical mean of the temperatures at tho beginning 
and end of tho step, which is equivalent to assuming that BC and CF 
are straight lines. That this is not strictly true is evident when it is 
observed that for equal increments of temperature the strips such as 
A BCD and ODEF have equal areas but different mean heights, honce 
they must have different widths. BC and CF cannot therefore have the 
same slope. Hence, if in determining the increase in entropy between 



PROPERTIES OF STEAM 


61 


0° C. and 2(F C. four steps had been taken instead of two the top 
boundary lino would have consisted of four lines of different slopes 
instead of two. It therefore follows that taking 
indefinitely small steps the top boundary line 
■would become a curve of increasing slope as the 
temperature is raised. 

An exact mathematical expression for the in- 
crease in entropy for a considerable range of 
temperature is found as follows. Referring to 
Fig. 50, let the absolute temperature of 1 lb. of 
the substance bo raised from r J\ to T 2 , there being 
no change in the state of the substance between 
these temperatures. A BCD is the temperature - 
entropy diagram for the process. Let /»: be the 
specific beat of the substance and let this specific 
heat be constant for the range of temperature 1\ 
to T 2 . 'fake an indefinitely narrow vertical strip 
of the diagram where the temperature is T and 
let the width of this strip bo (h p. This quantity 
d<f> is the indefinitely small increase which takes 
place in the entropy while the temperature increases by the indefinitely 
small amount cZT. 

The heat added for the increase of temperature dT is IcdT and 

lv/T 

T d<f> = hlT. Therefore d<t> = 

Let </> be the whole change in eutropy between the temperatures 
Tt and To, then 

</> = Jfa = /.^T = T 2 - log, T,) 

If O is selected as the point of zero entropy then the entropy 
at A is </>j = 7c (log a T 1 — log e T 0 ) and the entropy at 1) is 
<h = & ( l °ge T a - toga To) 
where r r 0 is the absolute temperature at O. 

The point from which entropy is measured is (FC. (32° F.), the same 
as that from which the total heat of water is measured, but just as 
water at 0° C. does contain boat so it lias entropy although the total 
heat and entropy of water at O' C. are taken as 0 0. 

56. Temperature-Entropy Chart for Water and Steam. -The 
process of heating a pound of water from the freezing temperature to 
its boiling point and then evaporating it and finally superheating the 
steam produced is well shown by a temperature-entropy diagram. 
Starting at the point A, Fig. 51, as the heat is applied to the water 
its tomperataro rises and its entropy increases, and up to the boiling 
temperature / the process is represented by the curved line AB. The 
ordinate of any point in AB represents the temperature of the water 
and the abscissa represents its entropy above that of the water at the 
freezing temperature, and for any selected temperature the cor- 
responding entropy may be calculated as explained in the preceding 
Art. or it may be taken directly from the steam table the 
Appendix. 
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Between the freezing and the boiling points the absolute temper- 
ature rises from OA to M 13, the entropy added is OM, and the heat 
given to the water is the area 


of the figure OABM. During 
the boiling process the tem- 
perature remains constant but 
the entropy increases and the 
change during the evaporation 
of the water is represented by 
the horizontal line BC. The 
area of the rectangle MBON 
represents the heat added 
during evaporation, which is 
of course the latent heat L. 
The increase in entropy is MN 
and since BM X MN = L it 

follows that MN = ^ For 
BM 

example, if the boiling tem- 
perature t is 175° C. 


BM = 273 + 175 = 448, 
and L is 486*3 C.H.U. 


Hence MN = = 1-085. 

448 



Continuing the application 
of heat, the steam which has 
been produced will now be- 
come superheated under con- 
stant pressure, the temperature will rise, and the entropy will inorease, 
and this superheating process will be represented by the curved line CD. 
Tl|e area of the figure CN III) under C D will represent the heat added in 
superheating the steam and N R will represent the increase in entropy. 
For example, for 1 00° C. of superheating the total heat of the super- 
heated steam is*716*8 C.H.U. (by interpolation from the table in the 
Appendix, p. 576). The total heat of saturated steam at 175° C. is 
663*2 C.H.U. The heat added during the superheating process is 
therefore 716*8 — 663*2 = 53*6 C.H.U. The mean specific heat of 

53*6 

the steam for 100° C. of superheat is = 0*536. CN = 448 and 
Dll = 548. Hence 


NR = 0*536(log* 548 - log* 448) = 0*108. 

The entropy of superheated steam may also bo taken directly (or by 
interpolation) from the table in the Appendix, p. 577. 

The curve ABE which shows the relation between the temperature 
of the water and its entropy is called the water line , and the curve FOH, 
any number of points in which may be found as described for the 
point C, is called the saturated-steam line or the saturation Zinc, and 
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these two curves together with superheated steam curves such as CD 
and certain other curves to be discussed presently form a temperature- 
entropy chart for water and steaiu. 

If the water line and the saturation line be carried high enough 
they join and form a continuous curve at x, the critical point at the 
critical temperature of steam. The exact forms of the water and 
saturation lines above 300° C. (572’ F.) are at present uncertain but 
this part of the chart is probably as shown by the dotted curve. 

The part of the temperature-entropy chart for water and steam 
which is required in practice in the study of the steam-engine lies 
between the temperatures 35° C. (95° F.) and 220° C. (428° F.), but 
in the superheated steam region the chart should extend to 400° C. 
(752° F.). 

Quality or constant dryness lines may now be considered. Referring 
to Fig. 52, APE is the water line and FCH is the saturation line of a 
temperature-entropy chart. As already 
explained, a horizontal line PC termi- 
nated by the water and saturation 
lines represents the process qf evapora- 
ting a pound of water at a definite 
temperature, and the point P may be 
said to represent a pound of water at 
that temperature while the point U 
represents a pound of dry saturated 
steam at the same temperature. It 
therefore follows that an intermediate 
point in PC will represent a pound of a mixture of water and saturated 
steam, that is, a pound of wet steam. 

In moving from B towards 0 the distance travelled represents the 
increase in entropy, and since the temperature is constant the heat 
added is proportional to the increase of entropy. But after evapora- 
tion begins the amount of water ovaporatod is proportional to the 
heat added. Ilonce if BO be divided into, say, live equal parts at the 
points K, L, M, and N these points will represent 1/5, 2/5, 3/5, and 
4/5 of a pound of saturated steam, and 4/5, 3/5. 2/5, and 1/5 of a 
pound of water respectively. Stated in another way, the points 
K, L, M, and N represent a pound of wet steauf at a definite 
temperature and of dryness fractions or qualities 0*2, 0*4, 0'6, and O’S 
respectively. Dividing other horizontal intercepts between the 
water and saturation lines each into the same number of equal parts, 
and joining corresponding points by fair curves as shown, lines of 
quality 0 2, 0*4, 0*6, and 0*8 are obtained. 

Any point in a line of quality x represents a pound of web steam 
of that quality at a temperature given by the level of the point on the 
temperature scale. 

Constant volume lines have now to be considered. Referring to 
Fig. 53, ABE and FCH are portions of the water and saturation lines 
of a temperature-entropy chart. BC is the horizontal intercept 
between the water and saturation lines at the temperature 160" C. 
Since distances from B along BC are proportional to weight of water 
evaporated, these distances will also be proportional to the volume of 



Fig. 52. 
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steam produced, the temperature and therefore the pressure being 
constant. .1 he distance 13 C may be taken as representing the volume 
of a pound of dry satu- E — — 

rated steam at the 1^ 180 / 


rated steam at the 
temperature 16CT 0., 
namely, 4*92 cubic feet. 
Tf N is a point in BC 
such that BN represents 
4 cubic feet of steam 

then BN = X BC. 

Measuring BC with any 
scale, BN can be calcu- 


H. CU. FT. 
3*11 


oc 

O 160- 
cc 

y 140- 



/A ....ENTROPY . 

Fig. 53. 


lated and then measured olf with the same scale. Dividing BN into 
four equal parts, points representing 1, 2, and 3 cubic feet are found. 
Applying the above method to other horizontal intercepts between 
the water aud saturation lines at definite temperatures, other points 
representing 1, 2, 3, 4, etc., cubic feet are found, and joining corre- 
sponding points by fair curves as shown, lines of constant volume are 
determined. 


Any point in a line of constant volume v represents a pound of wet 
steam having a volume v cubic feet at a temperature given by the 
level of the point on the temperature scale. 

In what has been said above about the volume of wet steam tho 


volume of the water part has been neglected and this is justified 
because of the very small volume of the water compared with that of 
the steam. 


A fairly completo temperature-entropy chart for water and steam 
is given in Fig. 54 but a chart suitable for use in practice should be 
much larger and the quality lines and the lines of constant volume 
should be more numerous ; the horizontal temperature lines and . the 
vertical entropy lines should also be more numerous. 

An excellent exercise for the student is to construct this chart and 


th$ other charts which follow in this chapter on large sheets of 
squared paper of the best quality procurable. Paper squared in 
centimetres and millimetres is the most suitable. 


In using a chart the problom to be solved should bo worked on a 
sheet of tracing paper fixed over the chart. 

A temperature-entropy chart for superheated steam is given in 
Fig. 55. The remarks made in connection with Fig. 54 also apply to 
Fig. 55. Points in the constant pressure lines and points in the 
lines of constant total heat may be plotted directly or by interpolation 
from steam tables. 


57. Total Heat-Entropy Chart. — Another form of chart which 
for some purposes is more useful than the temperature-entropy chart 
is that in which the co-ordinates are total heat and entropy instead of 
temperature and entropy. A portion of a total heat-entropy chart for 
steam, also known as the Mollier chart , is shown in Fig. 56 to a small 
scale. Such a chart for general use may have a range in entropy from 
1*3 to 2*1 and a range, in total heat from 420 C.II.U. (756 B.Th.U.) 
to 820 C.H.U. (1476 B.Th.U.). 


PROPERTIES OF STEAM 65 

In constructing this chart points in the saturation Jine are first 
plotted. Lines of constant pressure are then determined. In the 
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Fig. 54. — Temperature-entropy chart for water and steam. 

wet steam region below the saturation line the constant pressure 
lines are straight lines. This follows from the consideration that for 
wet steam constant pressure is associated with constant temperature 
and a reference to the temperature-entropy chart makes it clear that 
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at constant temperature equal increments of heat are accompanied by 
equal increments of entropy. Hence the relation between total heat 
and entropy for wet steam at constant pressure is a linear one. 


ENTROPY 

1-5 1-6 1-7 18 1-9 



In the superheated steam region points in the constant pressure 
lines are plotted from the total heat and entropy tables for super- 
heated steam. By selecting the points for the pressure lines in 




PROPERTIES OF STEAM 


67 


groups at constant degrees of superheat the superheat lines are 
determined at the same time as the pressure lines. Instead of lines 
of constant superheat lines of constant temperature may be used 

ENTROPY 



Fig. 56. — Total heat-entropy chart for steam. 


In regard to the quality lines it should be noticed that, for equal 
differences in quality, the quality lines cut any selected pressure 
line at equidistant points. 
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An actual chart for general use should be much larger than the 
one shown in Fig. 56, and the lines of constant pressure, the lines 
of constant superheat, and the lines of quality should be more 
numerous. 

58. Total Heat-Pressure Chart. — Still another form of chart in 
use is that in which the co-ordinates are total heat and pressure. This 
chart has on it lines of constant volume, lines of constant quality, and 
lines of constant superheat. Lines of constant temperature may be 
substituted for lines .of constant superheat. 

Lines of constant volume and lines of constant temperature are 
straight lines which change in direction abruptly where they cross the 
saturation line. Lines of constant superheat and lines of quality are 
curved. # 

Sometimes this chart is drawn with the pressure scale varying so 
that the corresponding saturation temperatures are to a uniform scale. 
The advantage of this modification is that sufficient constant volume 
lines at low pressures may bo inserted without overcrowding. The 
disadvantage is that the lines mentioned above as being straight are 
now slightly curved, except the constant temperature lines in the wet 
steam region which remain perpendicular to the pressure base. 

59. Adiabatic Expansion of Steam. — It has already been stated 
("Art. 32, p. 30) that in adiabatic expansion no heat as heat is given to 
or taken from the expanding gas. This does not necessarily mean that 
the amount of heat in the gas remains constant during the expansion. 
Ifwork is done during adiabatic expansion this work is done at the 
expense of heat in the gas, but no heat leaves the gas to appear 
immediately as heat in another substance. 

Three cases of adiabatic expansion of steam have to bo considered. 
In the first case the steam expands against a resistance, as in the 
cylinder of a reciprocating steam engine, and work is dono at tho expense 
of heat in tho steam, the amount of heat disappearing being equivalent 
to the work done. Since there is no transference of heat as heat 
during the expansion there is no change in the entropy ; this is 
evident from the definition of entropy given in Art. 55, p. 59. 

When there is no change in the entropy of a gas during expansion 
the expansion is said to be isentropic . Isentropic expansion is also 
adiabatic, bq£ adiabatic expansion is not necessarily isentropic. Isen- 
tropic expansion of steam is considered in the next Article. 

In the second case the work done by the steam as it expands 
adiabatically appears as kinetic energy giving increased velocity to the 
steam, as when it issues through a nozzle, and again there is no change 
in the entropy of the steam and the expansion is therefore isentropic 
in this case as in the first. The calculation of the kinetic energy and 
velocity acquired is considered ^n Arts. 288 and 289, p. 398 and p. 402. 

In the third case tho net result is that no work is done and there 
is no change in the total heat in the steam, as when steam is throttled 
or wire- drawn. In this case the entropy of the steam is increased and 
the expansion is therefore not isentropic. This case is considered in 
Art. 62, p. 73. 

In general, when adiabatic expansion is mentioned without 
qualification isentropic expansion is understood. 
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60. Isentropic Adiabatic Expansion of Steam. — By moans of the 
temperature-entropy chart for water and steam some points in the 
behaviour of steam are made very clear and a number of problems 
may be readily solved by the use of this and other steam charts. A 
study of the adiabatic expansion of steam with the aid of the 
temperature-entropy chart will be of interest in this connection. 

It is evident that the isentropic adiabatic expansion of steam must 
be represented on the temperature -entropy chart by a straight line 
porpendicular to the entropy base. Fig. 57 sho,ws the portion of a 
temperature-entropy chart for water and steam lying between the 
constant temperature lines 180° C. and 100° C., ABE being the water 
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line and FCH the saturation line. The vertical straight lines HK, 
ML, QP, and SR are adiabatics representing the expansion of 1 lb. of 
steam of various degrees of initial dryness. The points S, Q, and M 
divide EH into four equal parts and the initial dryness of the steam 
is therefore 10 for HK, 0 75 for ML, 0-5 for QP, and 0*25 for SR. 

In studying these adiabatics it will be convenient first to tabulate 
certain data from the steam tables, namely, tho temperature t in 
degrees Centigrade, the pressure p in lb. per square inch, the specific 
volume v in cubic feet, the entropy <f> w of the water, and </> s tho entropy 
of the dry saturated steam. Certain results to be computed will be 
added in columns provided for the purpose. 



V 

V 

<t>W 


*1 

a* .» 

'3 


180 

145*5 

3*11 

0-5109 

1-5754 

1-000 

0-750 

0-500 

0-250 

160 

89*8 

4-92 

0*4639 

1-6186 

0*967 

0-735 

0*504 

0-272 

140 

52-4 

8-14 i 

0-4153 

1-6562 

0-935 

0-720 

0-606 

0-291 

120 

28-8 

14 ’28 

0 * 3640 

1-7088 

0-904 

0-705 

0-507 

0-308 

100 

14*7 

26-79 

0-3118 

1-7568 

.0-874 

0-690 

0*506 

0-322 


The first point to notice is that the quality or dryness of the steam 
varies during the adiabatic expansion. The symbols x v .r 2 , a? 3 , and 
will denote the quality of the steam for the adiabatics IIK, ML, QP, 
and SR respectively, and these are to be computed and tabulated for 
the temperatures 160°, 140°, 120°, and 100°; their values for the 
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temperature 180° are the values at the beginning of the expansion and 
these have been given. 

Consider the adiabatic HK. At the temperature 140° the dryness 

. .. .BN 1-5754 -tv 1-5754 - 0-4153 . „ 

fraction «, . ^ - - , . 61 , 6 .. _ ;, s = ***>■ U I*. 

manner the values of aq at 160°, 120°, and 100° arc determined. It is 
seen that for the adiabatic HK the steam gets wetter, that is, more of 
it condenses, as it expands. 

For the adiabatic ML the constant entropy is — 

0-5109 + 0-75(1-5754 - 0-5109) = 1-3093. 

At 140°, „ . '■m ' «>» - »«“ . 0-720. 

<t>, - <t>w 1-0562 - 0-4153 

In like manner the other values of *. and also the values of x 3 and *4 
required, are found. 

The variation in the quality of the steam as it expands adiabatically 
is better shown by plotting the results as shown in Fig. 58. It is now 
more clearly seen that the dryer the steam is at the beginning of the 
expansion the greater is the amount of condensation which takes place. 
When the initial dryness is 0*5 it is seen that no condensation takes 
place during expansion but instead the steam becomes slightly dryer. 
With wetter steam the drying effect of adiabatic expansion is seen to 
be more pronounced. 

The variation in the volume of the expanding steam may now be 
considered. The symbols v v r 2 , w 3 , and v 4 will denote the volumes in 
cubic feet of 1 lb. of wet steam for the adiabatics IIK, ML, QP, and 
SR respectively, and these are to be computed and tabulated for the 
temperatures 180°, 160°, 140°, 120°, and 100°. 

At any point the volume of the wet steam is equal to the dryness 
fraction at that point multiplied by the specific volume of the dry 
saturated steam at the same temperature. For example, at the point 
N in the adiabatic HK, Fig. 57, where the temperature is 140° it has 
been found that the dryness fraction is 0-935, and for the temperature 
140° v = 8*14, therefore for the point N, «q = 0*935 x 8*14 = 7*61. 
The required values of . - — . — . . _ . 


v l9 t? 2 , « 3 , and 


Va are here 


1 

'l 


•3 

« 

ISO 

3-11 

2-33 

1-56 

0-78 

160 

4-76 

3*62 

2*48 

1-34 

140 ; 

7'61 

5-86 

4-12 : 

I 2-37 

120 j 

12-91 

10-07 

7-24 

i 4-40 

100 I 

23-41 

18-49 

13*56 

j 8-63 


tabulated. 

It is now possible to 
draw the “pv” diagrams 
for the various adiabatics 
which have been con- 
sidered. The values of 
tq, # 2 * v 3 i and r 4 have been 
plotted against the corresponding pressures in Fig. 59 and the fair 
curves drawn through the points obtained are the pv curves for the 
various adiabatics. For comparison the pv curve for the saturated 
steam line has l>een added. 

It is evident that in Fig. 59 if a horizontal line BNC be drawn 
cutting the line of zero volume at B, the saturation line at C, and an 
adiabatic at N, the dryness fraction of the steam represented by the 
point N is BN/BO. 
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For the pv curve of an adiabatic for wet steam pv n = a constant is 
approximately true and the value of n may be found as explained in 
Art. 35 , p. 31, by plotting log p and log v ; this has been done in Fig. 
60. The values of n are approximately as follows: — For HK, 
»= M36; for ML, » » 1*107; for QP, n = 1-060; and for SR, 



n ~ 0*955. In addition the saturation line HCF has been dealt with 
in the same way and n found to be 1-068. 

The student will find it to be a very profitable exercise to verify all 
the foregoing tabulated results and construct carefully the diagrams in 
Figs. 57 to 60, drawing them say four times the size shown. 

Another example which the student should work out in full is here 
suggested. In Fig. 61 a part of the temperature-entropy chart is 
shown, FCH being the saturation line. 

CD is the constant pressure line for super- 
heated steam, the pressure being 160 lb. 
per square inch. The amount of super- 
heat at D is 80° C. and the temperature 
at D is therefore 1164*2° C. The vertical 
straight line DN represents the adiabatic 
expansion of the superheated steam down 
to 100° C. ( 14*7 lb. per square inch), KL 
is the constant pressure line for super- 
heated steam of 100 lb. per square inch 
pressure. The adiabatic DN cuts KL at 
R and the saturation line at ft. The 
volume of steam at D, taken from the 
table on p. 577, is 3*50 cubic feet, and the 
entropy from the table on p. 577 is 1*6572. 

It is required to find the volumes at R, 

ft, and N, also the pressure at S. The logs of the pressures and 
volumes at D, R, S, and N are to be plotted as in Fig. 60. It will be 
found that the index n in the formula pv 11 = a constant is about 1*316 
for the part 1)S of the adiabatic and about 1*136 for the part SN. 

The steam remains superheated between D and ft but condensation 
begins at ft and continues to the end of the expansion. The tempera- 
tures at R ami ft may bo found directly from the student’s chart if it 
is a good one or they may be found by interpolation from the steam 
tables. The dryness fraction at N is easily calculated and from that 
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and the specific volume of saturated steam at 100° C. the volume at 
N is readily found. 

61. Work done when Expansion is Isentropic. — It has been shown 
in the preceding Article how the pv curve may be constructed from the 
isentropic expansion line on the temperature-entropy chart, also how 
the index n in the formula pv 11 = a 
constant may be found. It will be 
instructive to examine now the pv 
diagram and compute from it the work 
done per pound of steam used. 

Referring to Fig. 62, HK is the 
adiabatic expansion curve for one 
pound of steam between the pressures 
Pj and P 2 and volumes and V 2 , the 
co-ordinates being pressure and volume. 

Assume that the steam is used in the 
cylinder of a steam engine. When the 
steam begins to expand its volume is V L but before expansion begins 
this volume of steam at pressure has to be introduced into the 
cylinder and during this operation the work done is l^V^. During 



ixpansion the work done (Art. 37, p. 35) is 


PiV, PoV., 


n — L 


During 


the return stroke the steam exhausts at the constant pressure P 2 and 
the net work done on one side of the piston during two consecutive 
strokes is 


p^w.v, 

11 n — 1 


P 2 V 2 = n _ l : P lVi - P 2 V 2 ). 


Applying the foregoing formula to the case in the preceding 
Article where the initial pressure is 145*5 lb. per sq. in., final pressure 
14*7 lb. per sq. in., initial volume 3*11 cubic feet, and the volume ao 
the end of the expansion 23*41 cubic feet, the expansion line on the 
temperature-entropy diagram, Fig. 57, being HK, from which n was 
found to be 1*136 : 


Work done per lb. of steam = — - W - — -(PjVj — P 2 V 2 ) 

= j.jjJ—j X*144 (145-5 x 3 11 - 14-7 x 23-41) = 130360 ft.-lb. 

The heat equivalent of this work is =93*1 C.II.U. 

The dryness fraction of the steam at K (Fig. 57) was found to be 
0*87 4. The total heat of the steam at K is therefore 

0*874 x 539*2+100= 571-3 C.II.U. 


The total heat of the steam at II is 664*4 C.H.U. Hence the 
heat converted into work is 664*4 — 571*3 = 93-1 C.H.U. which agrees 
with the result obtained from the pv diagram. 

The student would do well to deal with all the cases in the pre- 
ceding article in the above manner and tabulate the results. It will 
be observed that the index n may be calculated from the equation 
n 

n { 'OY^i — P 2 V 2 ) = QJ , where Q is the heat converted into work 
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dctcrminod from the temperature- entropy diagram and J is the 
mochanical equivalent of heat. 

Referring now to the temperature-entropy diagram Fig. 63. The 
chart is there shown down to the absolute zero line of temperature OX. 
The heat in the steam at II where the expansion begins is represented 
by the figure OGAEHI, and the heat in the wet steam at K where 
the expansion ends is represented by the area OGAKI. The hatched 
area AEHK therefore represents the difference between the heat in 
the steam at the beginning and at the end of the expansion and, 
consequently, the heat converted into work. For the numerical 
example worked out above the area AEIIK represents 93*1 C.H.U. 

The diagram AEIIK, Fig. 57, or Fig. 63. is a temperature-entropy 
diagram corresponding to the pressure-volume diagram Fig. 62. 

The cycle of operations represented by the diagrams AEIIK, 
Figs. 62 and 63, may be described as follows. 

A pound of water whose condition is represented 
by the point A is pumped into the boiler where 
it is heated, its temperature and pressure being 
raised. This operation is represented by the 
•line AE. The water then evaporates under 
constant pressure at constant temperature. This 
operation is represented by EH. The steam 
then expands, this expansion being represented 
by the line I IK. The last operation is tho con- 
densation of the steam at constant temperature 
and constant pressure and this is shown by the 
line KA. The various changes shown by Fig. 

62 are changes of pressure and volume and area represents work 
done, while the changes shown by Fig. 63 are changes of temperature 
and entropy, and area represents heat expended. 

62. Wire-Drawing or Throttling of Steam. - A constriction in a 
passage through which a gas is flowing has the effect of reducing the 
pressure on the delivery side and therefore of causing an expansion of 
the gas. Work may be done in tho neighbourhood of the constriction 
in giving eddying or whirling motions to the particles of the gas but 
this work is reconverted into heat as a steady flow is resumed on the 
delivery side. The net result is that, if there is no interchange of heat 
between the gas and the walls of tho passage, that is, if the flow is 
adiabatic, there is no change in the total energy of the gas, and 
neglecting the kinetic energy of the gas due to its flow the total heat 
of the gas is unaltered by throttling. 

Tho effect of wire-drawing or throttling on steam is also to alter 
its quality, which will be best shown by the consideration of three 
numerical examples, in each of which one pound of steam is throttled 
from a pressure of 1 GO lb. per sq. in. to a pressure of 20 lb. per sq. in. 
The effect of throttling on steam is best studied with the aid of the 
total heat-entropy chart a portion of which is shown in Fig. 64 where 
FOH is tho saturation line and A EH and BFK are constant pressure 
lines for pressures of 1 60 and 20 lb. per sq. in. respectively. " 

Examplis I. — Before throttling, the steam has a dryness fraction of 
0*94 and its state is represented- by . the point A (Fig. 64). The 



Fig. 63. 
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adiabatic expansion without change of total heat is represented by 
the horizontal line AB. By interpolation on the chart the dryness 
fraction of the steam at B, where the expansion ends, is seen to be 
nearly 0*99. 

With the aid of the steam tables the dryness fraction x at B may 
be calculated as follows : 

Total heat in steam at A = 0*94 L + li 

= 0*94 x 478*9 + 186-5 = G36*7 C.H.U. 

Total heat in steam at B = xL 4- h 

= 533 6 x + 109 0 = 636*7. 

Therefore x = 0989. 

Example II. — The steam is superheated 20° C. at the end of tlio 
expansion. From the table on. p. 576 the total heat is found to be 
652*4 C.H.U. The steam at the end of the expansion is therefore 
represented by the point D (Fig. 64) on the line BFK where the total 



heat is 652*4. A horizontal lino ECD cutting the initial pressure lino 
AH at E and the saturation line at C represents the expansion in this 
case. By interpolation on the chart the dryness fraction at E is seen 
to be rather more than 0-97. 

The dryness fraction x at E is found by calculation as follows : 
xL + h = 478-9# + 186*5 = 652*4 

Therefore . x = 0*973. 

Example III. — At the beginning of the expansion the steam is dry 
and saturated. The initial state is represented by the point H 
(Fig. 64) and the expansion is represented by the horizontal line HK. 

The total heat at H and at K is 665*4 C.H.U. 

By interpolation in the table on p. 576 it is found that the degree 
of superheat at K is 46*8° C. and the temperature at K is therefore 
108*9 + 46*8 = 155*7" C. 

The degree of superheat at K may also be found by interpolation 
between the superheat or temperature curves. 

The expansion lines for the foregoing examples are also shown on 
the temperature-entropy chart in Fig. 65, the same letters being used 
for 'corresponding points. The fact that the constant total heat lines 
are straight on the total heat-entropy chart while they are curved 
on the temperature-entropy chart makes the former chart the more 
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convenient one for problems on throttling. It should also be noticed 
that isentropic expansion lines are straight on both charts. 

63. Steam Calorimeters. — The quality or dryness of steam may be 
determined experimentally by means of a steam calorimeter . In 
practice when it is desired to know the quality of a supply of steam 
only a comparatively small sample of the whole is available for testing 
and any want of reliability in determinations of the quality of steam 
is mainly due to the difficulty of obtaining a true sample. 

Most commonly the sample is taken by means of a tube of about 
half-inch bore projecting into the pipe carrying the steam to be tested, 
as shown at (a) in Fig. 66. This tube AB is closed at its inner end 
and the sample of steam is taken in through a number of holes drilled 
in it, these holes being preferably on one side only and facing the 



Fig. 66.— Throttling steam calorimotor. 


steam current. In the case of a horizontal pipe, water deposited from 
the steam will bo carried along on the bottom surface of the pipe and 
a truer sample will probably be obtained by inserting the sampling 
tube from below, taking care that one of the collecting holes is just 
inside the pipe and facing the steam current. 

Professor Unwin lias suggested inserting in the centre of the steam 
pipe a small nozzle facing the current of steam, the nozzle being so 
proportioned that the velocity of the steam entering into it should be 
about the same as the general velocity of the steam along the pipe. 
A design of steam collecting nozzle is shown at ( b ) in Fig. 66. 

The throttling calorimeter was first introduced by Professor Peabody. 
Fig. 66 shows Professor Carpenter’s modification of the Peabody 
throttling calorimeter. P is the pipe carrying the steam to be tested. 
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AB is the sampling tube through which the sample of steam flows to 
the vessel S which is the principal part of the calorimeter. Y is a 
stop valve. The sample of steam enters the vessel S through a small 
orifice O and expands to a pressure a little above that of the atmosphere 
into which it escapes freely through the exhaust pipe E. The pressure 
of the steam in S is measured by means of the manometer or siphon 
gauge G which is a glass U-tube containing mercury. G is connected 
to 8 by a rubber tube T. Steam to the gauge may be cut off by 
meam of the stop cock C. A deep pocket K, containing cylinder oil, 
takes the thermometer 11 which indicates the temperature of the steam 
in S. The vessel 8, the stop valve V, and the exposed part of the 
sampling tube AB must be carefully lagged to prevent undue loss of 
heat by radiation. 

In using this instrument four observations have to be made. 
(1) The pressure or temperature of the steam in the pipe P. 
(*J) The pressure of the steam in the vessel S as shown by the gauge G 
in inches of mercury. (3) Beading of thermometer 11. (4) The 

height of the barometer in inches of mercury. Inches of mercury may 
be converted into pounds per square inch by multiplying by 0*49. 

The principle upon which the operation of the throttling calorimeter 
depends is that the total heat in the steam after throttling is the 
same as the total heat in the steam before throttling, as shown by the 
equation 

Zq + ajLj = li 2 4- kp (^3 — *2) 


from which 
where 


II 2 — h 4- kp (f-j — ^2) 


^2 




u = dryness fraction of steam before throttling. 

Ji x = sensible heat of steam before throttling 
Ljl = latent heat of steam before throttling. 

Ho = total heat of saturated steam at pressure of steam after 
throttling. 

= temperature of saturated steam at pressure of steam after 
throttling. 

= temperature of steam after throttling as indicated by ther- 
mometer 11. 

lc p = mean specific heat of steam between temperatures t 2 and / 3 
at constant pressure of steam after throttling. 

Since the pressure after throttling is in the neighbourhood of that 
of the atmosphere, and since the specific heat of steam at that pressure 
is little affected by the temperature, k p may be taken as 0*48. 

The operation of the throttling calorimeter depends on the steam 
being superheated after throttling and it will fail in its purpose when 
the steam is so wet before throttling that it is wet after throttling. 
This means that f 3 must be greater than f 2 * Butting f 3 the value 
of x which may be determined by the throttling calorimeter must be 

greater than — - ^ 1 . For example, if the steam has an absolute 

pressure of 300 lb. per sq. in. its dryness must be greater than 0*93 if 
it is to be measured with this instrument, and at 100 lb. per sq. in. 
pressure the dryness must exceed 0*96. 
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If a throttling calorimeter is supplied with dry saturated steam so 
that x = 1 the instrument may evidently be used to determine the 
specific heat of superheated steam. 

The separating calorimeter is quite simple in its action and it may 
be used for testing steam of practically any degree of wetness. Pro- 
fessor Carpenter’s design of 
separating calorimeter is 
shown in Fig. 67. The sample 
of steam to be tested enters 
the calorimeter at D and 
passes down through the 
central passage DF into the 
perforated metal cup H. 

The current of steam then 
reverses and flows as shown 
by the arrows into the jacket 
J surrounding the inner 
chamber G. From the jacket 
the steam escapes into the 
atmosphero through the 
small orifice at the bottom 
and the exhaust pipe E. 

The water in the steam 
is thrown out in the cup H 
and collected in the chamber 
C. A gauge G has two 
scales on its dial, the inner 
one showing the pressure of 
the steam in the jacket 
while the outer one shows 
the weight of steam passing 
through the jacket for each 
pressure in ten minutes. 

The graduations on the 
outer scale are determined 
by experiment with steam 
of different pressures, the 
escaping steam being con- Fig. 07. — Separating calorimeter, 

densed and weighed, but in 

using the instrument it is only necessary to take during a ten-minute 
test the average reading on the outer scale to obtain the weight of steam 
passing through the jacket. 

The water separated from the steam is shown by means of the glass 
gauge U. A pointer P having a frictional grip of the glass tube is set 
to the water level at the beginning of a test. The change in level of 
the separated water during a test is read off on the scale L which is 
graduated in fractions of a pound. 

If W is the weight of steam passing through the jacket during a 
test and w is the weight of water separated in the same time then x, 

r ' J . W 

the dryness fraction of the steam tested, is . 
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The weight of steam passing through the jacket may also be readily 
determined by passing the escaping steam into a bucket of water where 
it is condensed, the increase in the weight of the bucket and its contents 
giving the value of W. In that case the gauge G is not required, but 
if used its reading may be taken as a check. 

The exposed part of the sampling tube should be properly lagged 
and if the gauge G is used to read the weight of steam passing through 
the jacket the instrument itself should also bo lagged. 

Exercises III 

How many foot-pounds of work are required tc pump 100 lb. of water into 
a boiler under a pressure of 100 lb. per sq. in. ? What is the equivalent of this 
work in thermal units ? Assume that a cubio foot of the water as pumped 
weighs 62*3 lb. 

■42. A steam boiler contains 300 cubic feet of water and 300 cubic feet of steam 
at a pressure of 180 lb. per square inch absolute. Compute the total energy in 
the water and in the steam in hoat units and in foot-tons. Take the weight of a 
cubic foot of the water at tho temperature corresponding to the steam pressure 
as 54*6 lb. 

3. Apply tho method of Art. 85, p. 31, to determine the values of n and C 
in the formula p» n = G whioh will make this formula most nearly agree with 
the given tabulated values of p and v for one lb. of saturated steam. 

50 80 | 110 140 | 170 I 200 

8*51 5-47 4*06 , 3*23 j 2-68 ! 2*30 


Having found n and 0 use the formula to calculate v for the following values 
of p. — 30, 90, 150, and 250. 

4. Given that the densities ( to ) of saturated steam at absolute pressures (2>) of 
100 and 150 lb. per square inch are 0*2252 and 0 3311 lb. per cubic foot respec- 
tively, and assuming that for intermediate pressures tbo densities are given by 
the formula w = a -f- bp t find the values of a and 6, and then use tho formula to 
calculate tho densities for p = 115, and p = 129*5. Also, from the densities 
obtained calculate the specific volumes (v) in cubic feet per lb. 

Determine the amount of heat required to produco 1 lb. of steam, 
dryness fraction 0*97, absolute pressure 150 lb. per sq. in., from water at 
35° G. (95° F.). 

o4J. The heat produced by the combustion of 1 lb. of a certain kind of coal 
is 7600 O.H.U. (13680 B.Th.U.). This coal is burned in a steam boiler and 
70 per cent, of its heat of combustion is utilized in producing stoam whoso 
dryness fraction ip 0*98 and absolute prossuro 180 lb. per sq. in. from water at 
50° G. (122° F.). Calculate the weight of steam per lb. of coal used. 

>^/7. From a steam engine indicator diagram it was found that when the 
volume of steam behind the piston was 2*16 cubio feet its absolute pressure was 
88 lb. per square inch. From other data it was found that the weight of this 
steam was 0*54 lb. Find the dryness fraction of this steam, taking the specific 
volume of dry saturated steam at 88 lb. per square inch absolute pressure as 
5 cubic feet. 

The temperature of 80 lb. of water is to be raised from 10° C. (50° F.) 
to 90° G. (194° F.) by passing steam into it. The steam has an absolute pressure 
of 30 lb. per square inch and its dryness fraction is 0*96. What is the minimum 
weight of steam required ? 

•^9. Having given that for saturated steam at a pressure of 100 lb. per square 
inch the specific volume is 4*44 cubic feet, total heat 660*4 C.H.U. (1188*8 B.Th.U.), 
and latent heat 494*7 G.H.U. (890*5 B.Th.U.), what is the internal energy of the 
dry steam and of tho stearq when its dryness fraction is 0*9 ? 

10, If the entropy of water at 160° C. is 0*4639 what is tho entropy of steam 
at the same temperature whose dryness fraction is 0*85 ? Take the latent heat 
of the dry steam as 498*1 G.H.U. 

11. Assuming the specific heat of water to be constant and equal to unity the 
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formula <f>u, = loge(278 -f t) — loge 273 gives the entropy of water at 0. Us© 
this formula to calculate the entropy of water at 20° 0., 60° 0., 100° 0., and 140° 0. 

Also, given that the latent heats of dry saturated steam at the above 
temperatures are, 584*5, 562*6, 539*2, and 512*7 C.H.U. respectively, calculate 
the entropy of dry saturated steam at those temperatures. Plot the results 
to the following scales : — Temperature b , 1 cm. — 10°. Entropy, 10 cm. = 1 unit 
of ontropy. 

>■*42. Given that for steam having a temperature of 180° 0. the sensible heat 
is 182*1 C.H.U. and the latent heat 492*3 C.H.U. what must be the quality of 
steam of this tomperature if its total heat is 640 C.H.U. ? 

13. Taking the necessary data from the saturated steam table calculate the 
dryness fraction of steam at 180° C., 160° C., 14Q° C., 120° C., and 100° C., which 
at each of these temperatures has a total heat of 603 C.H.U. 

Plot the water and saturation lines of a temperature-ontropy chart between 
the temperatures 100° C. and 180° C. and construct the constant total heat curve 
representing 600 C.H.U. from the drynes3 fractions asked for in the first part 
of this exercise. 

14. Steam expands isen tropically from a temperature of 180° C. to a 
temperature of 100° C. If the dryness fraction is the same at the end as at the 
beginning of the expansion, calculate this dryness fraction and find under these 
conditions the dryness fraction at the intermediate temperature 140* C. 

15. One pound of steam expands adiabatically from a pressure of 100 lb. per 
sq. in. to a pressure of 20 lb. per sq. in. The dryness fraction of tho steam at 
the beginning of tho expansion js 0*95. Find the volume of tho steam at the 
end of the expansion and, assuming that pv n =» constant, determine the 
value of n. 

16. Steam at a pressure of 180 lb. per sq. in. has 100° C. of suporheat. This 
steam expands adiabatically until it bccomos just saturated ; what will then be 
its pressure ? If pvn = constant, is true for this expansion, find the value of n. 
>^17. Steam is throttled from a pressure of 160 lb. per sq. iii. to a pressure of 
20 lb. per sq in. If the steam is dry and saturated at the end of tho expansion, 
what is its dryness fraction at the beginning ? By how much is the entropy of 
the stoam increased by throttling ? 

oM8. In a test with a throttling calorimotor the prossuro of tho steam in the 
steam pipe was 130 lb. per sq. in. absolute. Tho tomperature and prossuro after 
throttling were 130° 0. (266° F.) and 15 lb. per sq. in. absolute. What was the 
dryness fraction of the stoam in the steam pipe ? 

J/19. What is tho minimum dryness fraction which may be determined by a 
throttling calorimeter if the steam to be tested has an absolute pressure of 
200 lb. per sq. in. and the absolute pressure of the steam after throttling is 
15 lb. per sq in. ? 

j#20. A throttling calorimeter is supplied with dry saturated steam at a 
pressure of 100 lb. per sq. in. absolute. The exhaust pipe of the calorimeter is 
provided with a valve the opening of which is adjusted to make the pressure in 
tho calorimeter 20 lb. per sq. in. absolute. The temperature of the steani in the 
calorimeter after throttling is then found to be 145° C. (293° F.). From these 
particulars, and the data obtainable from a saturated steam table, compute the 
mean specific heat of superheated steam at 20 lb. per sq. in. pressuro between 
the temperature of saturation and 145° 0. (293° F.). 

Jj 21. Steam on its way to an engine passes through a separator iu which the 
greater part of the water in the steam is deposited. In one hour the weight of 
water collected in the separator is 11*2 lb. and the engine uses 212 lb. of steam 
in that time. Tested with a throttling calorimeter, the steam leaving the 
separator is found to have a dryness fraction of 0*99. Calculate the dryness 
fraction of the steam entering the separator. 

oL 22. Steam at an absolute pressure of 90 lb. per sq. in. is passed into a tank 
containing water where it is condensed. Before the steam is introduced the 
weight of water in tho tank is 148 lb. The “ water equivalent ” of the tank is 
2 lb., that is, the capacity for heat of the tank is the Barae as that of 2 lb. of 
water. The temperature of *the water in the tank before the steam is introduced 
is 15° 0. (59° F.), and after, 35° 0. (95° F.). By weighing the tank and its 
contents before and after the steam is introduced it is found that the weight of 
steam condensed is 5 lb. Compute from the above data, and data from a 
saturated steam table, the dryness fraction of the steam. 



CHAPTER IV 

Ideal heat engine cycles 

« 

64. The Elementary Heat Engine. — Since a heat engine is an 
instrument for converting heat into work the first requisite for such 
an engine, apart from its mechanism, is evidently a supply of heat 
Excepting the few heat engines which have used directly the heat of 
the sun, heat engines have hitherto used the heat produced by the 
combustion of fuel. The second requisite is a working substance which 
while taking in heat undergoes change of pressure or change of volume 
or change of both pressure and volume. Hitherto the working sub- 
stance has always been a fluid. The working fluid by increasing its 
volume while it is absorbing heat or after it has absorbed heat is 
made to do external work under the direction of the mechanism of the 
engine and this work is done at the expense of the heat conveyed to 
the working fluid from the source of heat. After the external work 
has been done the working fluid which has been used must either be 
discharged to waste with the heat remaining in it and a fresh supply 
made use of to continue the operation of the engine, or the working 
fluid must be cooled and compressed or condensed so as to bring it 
back to its original state in order that it may again take up heat from 
the source and again be used in the engine. # 

In studying the theory of heat engines it is most convenient to 
assume that the working fluid is used over and over again in the 
engine, m which case the fluid passes through a cycle of changes, the 
cycle being repeated over and over again. The cycle of changes or 
cycle of operations through which the working fluid passes in a heat 
engine is called the engine cycle. In studying the theory of a heat 
ongine an ideal cycle is assumed and this cycle is carried out in an 
ideal way so as to give the best result and the engine is a perfect heat 
engine . 

Although the ideal performance of a, perfect heat engine may be 
far from possible with an actual ongine it is instructive to determine 
the ideal performance to form a standard of comparison for actual 
engines. 

In studying the various heat engine cycles it is usual to assume 
that 1 lb. weight of the working fluid is in use. 

65. Carnot Cycle. — Sadi Carnot ( b . 1796, d. 1832), a French 
physicist, was the first to study the performance of an ideal heat 
engine in which the cycle consisted of four operations, two being iso- 
thermal and two adiabatic, and this cycle, known as the Carnot cycle , 
will now be examined. 
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The essential parts of the ideal engine working under the Carnot 
cycle are— (a) a cylinder and piston (Figs. 68 to 71) made of material 
which is a perfect non-conductor of heat and having a fixed cover CC 
which is a perfect conductor of heat; (6) a movable cover NC which is 
a perfect non-conductor of heat ; (c) a movable hot body HB kept at a 
constant absolute temperature Tj ; (d) a movable cold body CB kept 
at a constant absolute temperature T 2 . The non-conducting cover NC, 
the hot body H13, and the cold body CB may be placed separately 
against the conducting cover CC. 

For the present the working fluid will be assumed to be a 
perfect gas. 

First operation . (Fig. 68.) — At the beginning of the first operation 
there is in the cylinder behind the piston a volume Vj of gas at a 
pressure P t and absolute temperature 1\. The hot body HB is in 



Fig. 68. Fig. 69. 


position as shown and the gas expands at constant temperature T x 
until its volume becomes V 2 and pressure P 2 . The work done is 
represented by the shaded area and is equal to 

PiVi log.^RTjlog.I-2. 

The heat equivalent of this work is the amount of heat given to 
the gas by HB, since the internal energy of the gas is unchanged. 

At the end of the first operation HB is removed and its place 
taken by NC. 

Second operation . (Fig. 69.) — The gas expands adiabatically until 
its volume is V 3 , its pressure falling to P 3 and its temperature to T 2 . 

The work done is represented by the shaded area and is equal to 
P 2 V a - P s V a 
7-1 ' 

This work is done at the expense of the internal energy of the gas. 

At the end of the second operation NC is removed and its place 
taken by CB. 

G 
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Third operation. (Fig. 70.) — ' The gas is compressed at the constant 
temperature T 2 until its volume is V 4l its pressure rising to P 4 . 

The work done is represented by the shaded area and is equal to 

P 4 V 4 log. = RT 2 l0JZ e y*. 

The heat equivalent of this work is the amount of heat transferred 
from the gas to the cold body C13, since the internal energy of the gas 
is unchanged. 

At the end of the third operation CB is removed and its place 
taken by NO. 

Fourth operation . (Fig. 71.) — The gas is compressed adiabatically 
until its volume is V lf its pressure rising to P, and temperature to T x . 



Fig. 70. Fig. 71. 


The work done is represented by the shaded area and is equal to 

PiVi - p 4 v 4 
y - l 

The heat equivalent of this work goes to increase the internal 
energy of the gas. 

In order that the volume, pressure, and temperature of the gas at 
the end of the fourth operation may be the same as at the beginning 
of the first operation there must be a certain relation between the 
volumes Yj, V 2 , V 3 , and V 4 which is determined as follows. 


VAv - 1 


For the adiabatic expansion - * = ( 3 V 

JL 9 \ V 9 / 


* 2 / 

YAH 


For the adiabatic compression,- 1 = (~\ 

I o ' V x / 


Hence 


y 2 

V ~ V, V, 


vj _ V " r 


That is to say, the ratio of isothermal expansion in the first 
operation is the same as the ratio of isothermal compression in the 
third operation. 

Since PtV 1 = P 2 V 2 and P 8 V 8 =- P 4 V 4 it follows that the work 
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P Y — P Y 

done during adiabatic expansion, namely, ~ 2 -- 2 ~ _ is equal to 

^ p Y - 1’ Y 

the work done during adiabatic compression, namely, -I— y 

and the net work done during a cycle is represented by the 
shaded area ABCD, Fig. 72, and is equal to ?i Y 2 log, r — P t V 4 log, r 
= (PiV 1 -P 4 Y 4 ) log, r = H(T 4 - T 2 ) log, r. 

In one cycle the heat received from the hot body is 'P{V 1 log, r 
= RTj log, r; the heat rejected to the cold body is P 4 V 4 log e r 
= RT 2 log, r ; and the heat converted into work is li(T 1 — T 2 ) log, r. 
Hence the efficiency of the engine as an instrument for converting heat 
RCT, - T 2 ) log/r T x -T 2 
into wor liTj Jog, r " 1\ 

This result is more simply obtained by making use of ‘the temper- 
ature-entropy diagram for the cycle shown in Fig. 73. The four 

T- 


T.lo! 


, ! -i — 

—r 

Ll-M] 

ENTROPY 



VOLUME 

Fig. 72. 


Fig. 73. 


operations of the cycle are represented by the straight lines AB, BC, 
CD, and DA. The heat taken in during the first operation is repre- 
sented by the area of the rectangle ABN.U and is equal to 
^ 1(^2 The heat rejected during the third operation 

is represented by the area of the rectangle CDMN and is equal to 
T 2 (<£ 2 — 4t x ) = T 2 c T he heat converted into work is represented by 
the area of the shaded rectangle ABCD and is equal to (T x — T 2 )<£, 
and the efficiency is 

( r i\ - T 2 )</ Tj_- T 2as before Y 

T’ 1 ^ T x aS 6 ° re ' Ik AD I AB AT ICS 

66. Carnot Cycle with Steam. 5 
--Using steam, or other vapour, $ 
as the working fluid, the iso- gc wmzm 

thermals AB and CD in the Figs. p ,C 

of the preceding Art. become also n _ KIN L_ IM 

lines of constant pressure and volume 

the diagram of the cycle will be Fig. 74 . 

as in Fig. 74. 

Starting at the point A, the four operations of the cycle are : 

(1). A volume OK of water at pressure AK and temperature T x is 
heated at constant temperature. The water gradually evaporates and 
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when the evaporation is complete the steam produced will occupy a 
volume OL. This operation is represented by the horizontal line AB. 

(2) . The supply of heat being stopped the steam expands adia- 
batically until its volume is OM. Its pressure is reduced to CM and 
its temperature falls to T 2 . This operation is represented by the 
adiabatic BC. 

(3) . The steam is compressed isothermally at temperature T 2 and 
it condenses as the heat is rejected to the cold body, but the cold 
body is removed before all the steam is condonsed, the volume being 
then ON. .This operation is represented by the horizontal lino CD. 

(4) . The volume ON is so chosen that the adiabatic through D 

passes through A. The condition for this is that Tho 


contents of tho cylinder are compressed adiabatically and the volume 
is reduced to OK, the pressure is raised to AK, and the temperature 
is raised to T^ This operation is represented by DA. 

The temperature entropy diagram is still a rectangle as in Fig. 73 


and the efficiency is - 


Tt 


as for a perfect gas. 


The volume OK of the water is so small compared with the volume 
OL of the steam that it has had to bo greatly exaggerated in Fig. 74 
to make a clear diagram. If drawn to scale the adiabatic DA would 
practically lie on the axis GY. 

67. Otto and Diesel Cycles.— These cycles are very important in 
connection with internal combustion engines and they are fully con- 
sidered in Chapters XXII. to XXIY. Tt will be convenient, however, 
to state here that in the Otto cycle the heat is taken in at one constant 
volume and rejected at another constant volume, while in the Diesel 
cycle the heat is taken in at constant pressure and rejected at constant 
volume. In both of these cycles the expan- 
sion and compression curves are adiabatics. 

68. Stirling Cycle. — A hot air engine, 
invented by the Rev. Robert Stirling in 1816, 
worked on a cycle, now known as the Stirling 
cgclc y which in its ideal form is represented 
by the diagram ^.BCD in Fig. 75. There are 
four operations in a complete cycle : — 

(1). Air having a volume OL = V 1 , a 
pressure AL = P lf and an absolute tem- 
perature Tj_ expands isothermally until its 
volume is OM = Y 2 aQ d pressure BM =’ l* 2 . This operation is repre- 
sented by the isothermal AB. 

The work done is represented by the area ABML which is equal 
to RiYi log^ y" = log* r,' and an amount of heat equivalent to 



VOLUME 

Fig. 75. 


this work is taken in. 

(2). The air then passes through a regenerator , its volume remaining 
constant, and its temperature is lowered to T 2 and its pressure falls to 
CM == P 3 . This operation is represented by the vertical line BC. 

[The regenerator consists of a nest of thin metal plates with narrow 
passages between. The hot air passing in one direction through these 
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passages gives up heat to the metal plates. This heat is returned to 
the air in operation (4) when it Hows in the opposite direction.] 

The amount of heat given by the air to the regenerator is 7^(1^ — T 2 ). 
(3). The air is next compressed isothermal Jy at temperature T 2 
until its volume is OL = V 1? and its pressure DL = R 4 . This opera- 
tion is represented by the isothermal CD. 

The work done is represented by the area CDLM which is equal 


to P 3 V 3 log,, y 2 = HT 2 r > an d an amount of heat equivalent to 
this work is rejected . 


(4). The air is restored to its initial condition in operation (1) by 
returning through the regenerator where it picks up the heat left there 


in operation (2). Its temperature is raised to T 1 and its pressure 
to I\. This operation is represented by the vertical line DA. 

The heat taken in is llTj log,, r. 

The heat rejected is BT 2 log e r. 

The heat converted into work is R(T A — T 2 ) log e r. 


The efficiency is 


R(Ti --T.,) log„r 
BTi 1«! 



Shaded area ABCD 
Area A 11 ML 


This efficiency is tlie same as that of the Carnot cycle. 

For information on the. construction and performance of the 
Stirling engine the student may refer to Rankine's “Steam Engine.” 

69. Joule Cycle. — This cycle was proposed by Joule and in its 
ideal form is represented by the diagram ABCD in Fig. 7G. There 
are four operations in the complete 
cycle : — 

(1) Airhavinga volume OK = V 1# 
a pressure AK = P 1$ and a tem- 
perature T lf is heated at constant 
pressure until its volume becomes 
O.L ss V 2 , and its temperature is 
raised to T 2 . This operation is re- 
presented by the horizontal line AB. 

The heat received is k p ( T 2 — T A ). 

(2) . The air then expands adi- 
abatically until its volume is OM = V 3 , Its pressure falls to CM = P 3 
and its temperature is reduced to T 3 . This operation is represented 
by the adiabatic BC. 

No heat is received or rejected. 

(3) . The air is next cooled at constant pressure until its volume 
becomes ON = V 4 . Its temperature is reduced to T 4 . This operation 
is represented by the horizontal line CD. 

The heat rejected is 7^,(T 3 — T 4 ). 

(4) . The air is restored to its initial condition in operation (1) by 
being compressed adiabatically. This operation is represented by the 
adiabatic DA. 

No heat is received or rejected. 
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The heat converted into work is equal to the heat received minus 
tho heat rejected which is 7^, (To _ T x ) — 7>(T 3 — T 4 ). 

Efficiency = = 1 - l*-~ ^ 


/.-XTo - Tj) 


To — T x ' 


>> V / \ r \v 1 i J , \ -v 

But P,V,» = 1W, therefore ^ = ( Y *) ^ = (pj) 

T / \' \v~i / P \ Y -“i 
In like manna ~ ' * 

But P 2 ~ ^1 und 1*3 — 1*4 

Hence, \ 3 1 = £ and Jr = Jr = ( ;) 

V <i 4^ J 2 J- 1 ■ ' 


Hence, 


P 2 = P t and P 3 = 1> 4 

\ 3 1 = - and 

Vo a r 


# ^ ±3 1 4 

by a well known theorem in algebra, it r|1 = ‘ each of these 

rp rp I o If 

^ , A 3 - 


is equal to - * 

1 2 — M 

Hence, efficiency = 1 — ^ 2 


= 1 - = 
T, 




Shaded area ABOD 
Area A BOM lv 


The upper limit of temperature is T<, and the lower limit is T 4 and 

T — T 

the efficiency of the Carnot cycle for these limits would be 2 - — - 

*2 

T — r j\ 

which is greater than 2 3 since T 4 is less than T 3 . Hence the 

1 2 

efficiency of the Joule cycle is less than that of the Carnot cycle for 
the same limits of temperature. 

The Joule cycle is of interest because of its similarity to the cycles 
in modern internal combustion engines in which the heat is applied by 
combustion inside the cylinder, but Joule proposed to heat the air 
from an external source. 

A reversed Joule cycle is used in the Bell-Coleman refrigerating 
machine. 

70. Ericsson Cycle. -John Ericsson (b. 1803 — d. 1889), a ftwedisli- 
American engineer, and a prolific in- 
ventor, made many attempts to produce 
a satisfactory hot air engine; lie even 
had a ship built and fitted with his £ 

engines. The Ericsson cycle in its 3 isotherm als D C 

ideal form is represented by the dia- 2 

gram ABC!) in Fig. 77. The four °- 

operations of the complete cycle are : - 

(1). Air having a volume OK= V lf °‘ volum e L 

a pressure AK = P lf and a tempera- Flc , 77 

ture T* drawn, at constant pressure, 

through a regenerator in which its temperature is raised to T 2 and 


g ISOTHERMALS 


Kl LlfN 
VOLUME 
Fig. 77. 
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its volume increased to OL = V 2 - This operation is represented by 
the horizontal line AB. 

The heat received from the regenerator is k p ( T 2 — T x ). 

(2) . The air then expands isothermally at the temperature T 9 until 
its volume is OM = V 3 , and its pressure falls to CM = P 3 ." This 
operation is represented by the isothermal BC. 

The heat received is RT 2 log c y 3 = RT 2 log e /•. 

(3) . The air is next returned through the regenerator, at constant 
pressure, and gives up the heat which it received in operation ( I ). Its 
volume is reduced to ON = V, 4 and its temperature falls to T 4 = T v 
This operation is represented by the horizontal line CD. 

r rhe heat returned to the regenorator is Tc p ( T 2 — r i\). 

(4) . The air is compressed isothermally at the temperature T A until 
it reaches its initial state in operation (1). This operation is 
represented by the isothermal DA. 

[In order that tin; isothermal rising from I) shall pass through A 

y y y V 1 3 

it is easy to show that - 3 = ~ and 3 = - - ~ r. 

M M '1 J 

The heat rejected is RT X log fj = RTj log e r. 

lleat supplied = RT 2 log,, r. 

Heat converted into work = RT 2 log e r — RT A log e r. 


'( T, ~ T l} 


Effl«i.ncy = — 


Area A BCD . 
Area AUCMK W U ° 


is the same as in the Carnot cycle. 

71. Rankine Cycle. — The ideal steam engine cycle which is now 
generally used us the standard of comparison for actual steam engines, 
including steam turbines, is the llankine cycle, which is therefore of 
great importance. This cycle is a modified Carnot cycle. 

Referring to Fig. 78, which is the pressure- volume diagram of the 
llankine cycle, and comparing it with Fig. 71, p. 83, which is the 
pressure- volume diagram of the Carnot cycle when steam is the work- 
ing fluid, the first and second operations, represented by AB and BC 
respectively, are the same in both cycles. In the ihird operation, 
represented by CD, the steam is completely condensed in the llankine 
cycle while in the Carnot cycle the condensation is stopped before ail 
the steam is condensed to enable the fourth operation, adiabatic 
compression, to restore the working fluid to its initial state in the first 
operation as represented by the point A. 

In the Rankine cycle the working fluid, now water, at the end of 
the third operation is restored to the condition represented by the 
point A by being heated in the boiler or it may be heated partly or 
entirely in a feed-water heater before it is pumped into the boiler 
where it is converted into steam. It is however convenient to 
imagine that all the operations take place in the cylinder of the 


engine. 

The volume ON, Fig. 78, is the volume of the feed water and this 
is so small compared with the volume OL of the steam produced from 
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it (ON is greatly exaggerated in Fig. 78) that it is usual to neglect it. 
The pressure- volume diagram of the Rankine cycle is then as shown in 
Fig. 79. The corresponding temperature entropy diagrams for three 



VOLUME VOLUME 

Fig. 78. Fio. 79. 


different conditions of the steam at the beginning of the adiabatic 
expansion are shown in Figs. 80, 81, and 8*2. 

The four operations of the Rankine cycle will now be examined 
more fully and t >e efficiency of the cycle determined, reference being 
made to Figs. 79 to 82. 

First operation. —Starting at the point A which represents 1 lb. of 
water at a pressure AN, temperature T x (absolute), which is the 
boiling temperature of water at pressure AN, and a volume which is 
neglected. The water is heated at constant pressure and it begins to 



evaporate at once. The volume of steam increases until it reaches the 
value OL. 

If this operation is stopped just when all the water is evaporated 
it is represented on the T<£ diagram, Fig. 80, by the horizontal line AB, 
where A is on the water curve w and B is on the saturated steam 
curve s. The heat required to evaporate the water is L, the latent 
heat of steam at the pressure AN (Fig. 79), and this is represented by 
the area ABIiij (Fig. 80). 

If this operation is stoppedTbefore all the water is evaporated, 
that is, if the steam is wet, the operation is represented on the T<£ 
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diagram, Fig. 81, by the horizontal line AB which ends before meeting 
the curve s . The heat added is xL, where or is the dryness fraction of 
the steam at 13. This amount of heat is represented by the area 
ABRQ in Fig. 81. 

If the first operation is continued after the water is all evaporated 
the steam becomes superheated, its temperature rises, but its pressure 
remains the same. This operation is now represented on the T </> 
diagram, Fig. 82, by the horizontal line Ab together with the curve M3 . 
In the actual engine the evaporation would take place in the boiler 
and the superheating would be effected in a superheater. It may 
happen, however, that evaporation is not complete in the boiler, the 
steam leaving it being in a wet state, and in that case the evaporation is 
completed in the superheater. Tho heat .added during the evaporation 
process is L and during the superheating process it is Zy(T 3 — Tj), 
where T 3 is the temperature to which the steam is supei heated and 
1c n is the mean specific heat of the steam at constant pressure between 
tho temperatures T\ and T 3 . The whole heat added during tho first 
operation is now represented on the T </> diagram, Fig. 82, by tlie 
area AM3RQ. 

In each of tho three cases represented by Figs. 80, 81, and 82, the 
heat received during tho first operation is Tip — where Rb is the 
total heat of the steam at B and 7 / a is the heat uf tho water 
at A. 

Second operation . — The steam expands adiabatically until its 
pressure and volume become CM and OM respectively (Fig. 79) and 
its temperature T 2 . This operation is represented by the curve BC in 
Fig. 79 and by the vertical straight lino 13C in tlie corresponding 
T<7> diagram. 

At the end of the adiabatic expansion to <1 the total heat has 
been reduced to He which may be found from the total heat-entropy 
chart. 

Third operation .* — The steam is now compressed isothermally, the 
pressure remaining constant, and is completely condensed. This 
operation is represented by the horizontal line (-I> in Figs. 79 to 82. 
In the actual engine the condensation takes place in a condenser 
outside tho engine cylinder. The heat rejected in this operation is 
He — 7tj), 'where Zm is the heat of the water at D. 'This amount of 
heat is represented by the area ODSR in Figs. 80, 81, and 82. 

Fourth operation . — Tlie water resulting from the condensation of 
tlie steam in the third operation has its pressure raised to AN (Fig. 
79) by being pumped into the boiler, and its temperature is raised to 
Tj in the boiler, or partly or entirely in a feedwater heater before 
entering the boiler. 

The heat required to raise the temperature of the water from 
T 2 to Tj is 7 *a — h]). 

The heat equivalent of the work dono in pumping the feed water 
into tlie boiler is so small that it is usually neglected. 

Efficiency .- — The heat received during the first and fourth operations 
is Hb — 7/ a 4- (Zia — h\\) = Mr — 7*n. 

The heat rejected during the third operation is He — 7i|>. 

No heat is received or rejected during the second operation. 



90 


HEAT ENGINES 


Heat converted into work = Hit — An — (He — An) = Hu — He. 



Area A BCD 
Area DABIIS' 


Figs. 80 and 81, 


Area AABOD 0 

Y\(r 82. 

Area DAABRS* 


This is the expression for the efficiency which is most convenient 
for use in practice. The values of Hu, Hr, and Ad are readily found 
from steam tables and the total heat-entropy chart. 

When the efficiency of the Rankine cycle has to be calculated with 
the minimum use of steam tables or charts the formulas now to be 


proved are used. The three cases illustrated by Figs. 80, 81, and 82, 
will be considered separately. 

Cask I. Fig. 80. Steam dry and saturated at the beginning of 
the adiabatic expansion. 

Area D AQS = k( — T 2 ) where A is the mean specific heat of the 
water between the temperatures T 2 and '1\ 


The entropy SQ = /<• log (Art. 55, p. 59.) 

Area UDSQ = SDx SQ = kT 2 log„£i 

A 2 

Area DAU = k(T x - T 2 ) - &T 2 log 

Area ABRQ = = latent heat at temperature Tj 

Area CUQR = L, x Area ABOU = L, - T n x 

A 1 1 1 

. Area DAU -f area ABOU 

Efficiency _ Ar(Ja DA q S + ar()a A L!RQ 

KTi - T 2 ) - &T 2 log c £ -f L x - L, x ?’ 2 
_ X 2 X 1 

A(l\ - T 2 ) + 

'<*'%+%) 

~ 1 k('L\ - T 2 ) + L, 

If k is taken = 1, which is commonly done, then, 

TaiWip 4 + ijr) 

Efficiency = 1- ^ _ T * + ^ 


Cask II. Fig. 81. — Steam wet at the beginning of the adiabatic 
expansion. Dryness fraction = x v 

The efficiency in this case is derived from that of Case I. by sub- 
stituting for Lj. 
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Case III. Fig. 82. — Steam superheated to temperature T a at the 
beginning of the adiabatic expansion. 

Areas DAQS and DA IT same as in Case T. 

Area AbrQ samo as area ABRQ in Case I. 

Area A&cU same as area ABCU in Case T. 

Aroa foiiRr = ^,(T 3 — TQ, where Jc p is the mean specific heat of 
steam at constant pressure between T x and T 3 . 

T 

Entropy rR = k p log,. 

J L 

Area CcrR = rc x rR = k p T a log fl ^ 

Area HiCc = 7t,,(T 3 - T x ) - lc p T, log i 3 

. Area D A U area Abc\J -f area b\$Cc 

Efficiency = - 

Area DAQS -j- area A/n-Q -f area b HR#* 

*(Ti-T 2 )-FI’ 2 log Ti +L,-L lX J +MT s -T,)-Vr 2 logl 3 
___ JLl— 

h'L\ - T 2 ) + L x + *,.(T 3 - Tj) 

T x Lj . , , T, 


T u(& 1( >g e r-,r + tjr + kp 1%. qr ) 

*(T X - T 2 ) + L x + *„( T 3 - Tj) 
Taking k = 1 




T 2 (log, Jjr + ,jr + h log,^) 

Efficiency = 1 - — _ TJT “ “ “ _ Tj) 

Steam consumption per horse-power per hour . — One liorse-power for 

33000 x 00, 

one hour = 33000 x 60 ft. -lb. = j heat units. 

Work done per lb, of steam in Rankine engine = II b — He. 

33000 x 60 

Steam per horse-power per hour = — ~Hc; * 

Example. — T he upper and lower pressures in a Rankine cycle are 
180 and 3 lb. per square inch absolute respectively. It is required to 
find the efficiency of the cycle, and the steam consumption per horse- 
power per hour, when the steam at the beginning of the adiabatic ex- 
pansion is — («) dry and saturated, (b) wet, the dryness fraction being 
0*95, and (c) superheated 100° C. 

(a) This is Case T., Fig. 80. From the steam table Hb = 666*6 
O.H.U., and h\> = 60 7 C H.U. From the total heat-entropy chart 
H c = 514 C.H.TT. 

Hu - Hr 666*6 — 514 

Hence, efficiency = Hb = 606^6 — 60 ; 7 = °' 252 or 25 ’ 2 P® r 
cent. 
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Using tho formula, efficiency = 1 — 


l2 ( l0g,, Ta + TiO 

Ti-Ta’+L, 


Tj = 273 + 189-5 = 462-5° 0. absolute. 
T 2 = 273 + 60-8 = 333-8° C. absolute. 


*r = 2-3026 log 10 Ji = 0-3261. 

Jo Jo 


Efficiency =1 — 


333-8(0-3261 + 1-0259) 


462-5 - 333-8 + 474‘5 


T, x = 474-5 C.H.U. 

= 1-0259. 

= 0*252 or 25*2 per cent. 


u , ,. 33000 x 00 n n Tl n 

Steam consumption = 1400(()66 M4 j= y ‘ 2 ' lb ‘ P° r 111 ‘ P“ 

hour. 

(Z>) This is Case TI., Fig. 81. 7m = 60*7 C.TI.U. as in (a). From 
a total heat-entropy chart Hu = 043 (J.JI.U. and He = 197 CJ. II. U*- 


Hence, efficiency 


643 - 497 
613 - 60*7 


= 0*251 or 25*1 per cent. 


The same result is obtained by means of the formula — 


Efficiency = 1 — 



I 2 + ir l^l 


33000 x 60 ornu UX) 

Steam consumption = ^ — 9*69 lb. per H.P. per 

hour. 

(c) This is Case III., Fig. K2 7 m> = 60*7. From the superheated 
steam table Il B = 721*8 C.H.U., and from the total heat -entiopy chart 
1I C = 550 C.H.U. 

7‘M-8 — 550 

Hence, efficiency = “ / _ = 0*260 or 26 0 per cent. 

J 721*8 - 60*7 r 

The same result is obtained by means of the formula — 


Efficiency == 1 — 


Tafto&nr + ~ l«g3) 

1 2 ■ 1 k p bein 

T x - T 2 + L 1 + k v ( T 3 - T x y " 


0*55. 


G , .. 33000 x 60 noon. rrx> 

Steam consumption = j 40() ^ 721 . 8 _ bbQ j = 8*23 Jb. per H.P. per 

hour. 

72. Some Terms "and Theorems from Thermodynamics.— In works 
on thermodynamics, the science of the relations between heat and work, 
there are certain terms used which may be stated here, also some 
theorems. 

A reversible process is one which may be performed backwards, the 
state of the substance upon which the process is performed being the 
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same at the end of the backward operation as at the beginning of 
the forward operation. Adiabatic and isothermal changes of pressure 
and volume of a perfect gas are examples of reversible processes. The 
process of producing heat by Friction is an irreversible process. 

If all the operations of the cycle of an engine are reversible the 
cycle is a reversible cycle and tho engine is a reversible engine . That is 
to say, if a reversible heat engine converts a certain amount of heat H 
into an amount of work W, and* if this amount of work Who employed 
in driving the engine backwards, this work will be reconverted into an 
amount of heat II. 

The conditions for maximum efficiency of a heat engine are — (1) All 
the heat received must bo received at the higher temperature and all 
the heat rejected must be rejected at tho lower temperature. (2) The 
drop in temperature betweeen the source of heat and tho working 
substance, when heat is being received, must be indefinitely small, and 
the drop in temperature between the working substance and the con- 
denser or cold body, when heat is being rejected, must be indefinitely 
small. (3) There must be no free or unbalanced expansion. 

For the same temperature range all reversible engines have the same 
efficiency and the efficiency is independent of tho working substance. 
This is one form of tho statement of the second law of thermodynamics. 
Another form of the statement of this law is — a self-acting engine, 
unaided by external agency, cannot cause beat to pass from one body 
to another at a higher temperature. This is equivalent to the state- 
ment that heat cannot pass by conduction or radiation from one body 
to another at a higher temperature. 

For a giVen temperature range a revorsible heat engine has tho 


I 1 

maximum efficiency and this is equal to 1 


_ «p 

r| , - 2 as in the Carnot engine. 
1 l 


Exercises IV 

1. A porfect boat ongino works on the Carnot cyelo between 1000° C. and 
200° C. If this engine receives heat at the higher temperature at tho rate of 
2090 C.H.U. per minute compute the horse-power of the engine*. 

2. Half a pound of air passes through a Carnot cycle between tho temperatures 
205° C. (401° F.) and 100*0° 0. (213° F.). The ratio of isothermal expansion is 3, 
and the initial pressure of the air is 300 lb. per sq. inch absolute. 

If 7 =1*409, and if the specific heat of air at constant volume is 0*17, 
find : — 

(a) Tho pressure and volume of the air at the end of each of the four stages. 

(h) The thermal efficiency of the cyclo. [U.L.] 

3. Compute tho efficiency of an ideal Stirling cycle in which tho expansion 
ratio is 3 and tho ratio of tho maximum pressure to the minimum pressure is 6. 

4. In a hot air engine tho air takes in heat at constant volume, the temperature 
rising from 130° C. to 1000° 0. The useful work done per lb. of air is 60,000 foot- 
pounds. Calculate tho thermal efficiency, taking the specific heat of air at con- 
stant volume as 0*17. 

5. Steam is gonoratod at a pressure of 200 lb. per sq. inch absolute and is 
then superheated to a temperature of 350° C. (062° F.). 

If this superheated steam is used in an engine working on tho Ilankine cyole, 
and if the lower limit of prossure is 1 lb. per sq. inch absolute, calculate 

(a) Tho thermal efficiency. 
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(b) Tho dryness fraction of the steam at the end of the expansion. 


Praam o. 

Temperature. 

Latent Heat. 

Liquid 

Evaporation 

lb. 

<\ F. 

C.H.U. 

Ii.Th.tr. 

Entropy. 

Entropy ^ 

200 

104-4° 381-9° 

472*2 

849*9 

0*5437 

1*0101 

1 

38-7° 101-6° 

573*8 

1032*8 

0*1323 

1*8401 


The mean specific hoat of superheatod steam botwean 194*4° C. and 3.50° 0. 
may be taken as 0*52. [U.L.J 

6 . Compare the efficiencies of two engines working on tho Ttankine cycle, one 
uses saturated steam at a pressure of 110 lb. por sq. inch absolute, and the other, 
superheated steam at the same pressure at a tomporature of 250° 0. (482° F.). 
Tho exhaust temperature in both cases is 55° C. (131° F.). Tho mean specific 
heat of superheated steam for above range may be taken as 0*54. | U.L.] 
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COMBUSTION AND FUEL 

7ft. Chemical Principles.™ Chemically considered all matter may be 
divided into two classes, elements and compounds. Water, for example, 
is a compound which may be decomposed into the elements oxygen 
and hydrogen. The substances known as elements are those which, 
so far, have resisted all attempts to divide them into parts which have 
different properties. It is necessary to distinguish between a chemical 
compound and a mere mixture of two or more elements or compounds. 
Two or more substances may be mixed together in any proportions and 
the mixture will partake of the properties of the separate constituents, 
but when substances combine to form a chemical compound the sub- 
stances must be iu certain definite proportions, and the properties of 
tho compound are generally very different from those of its con- 
stituents. 

The atomic theory of matter is of great assistance in comprehending 
chemical combinations and decompositions. In this theory it is 
supposed that an element is made up of extremely small particles 
which never subdivide and which are called atoms. All the atoms 
of a particular element are exactly alike, but the atoms of different 
elements are unlike. When one element combines with another to 
form a chemical compound, a certain definite number of atoms of the 
one unite with a certain definite number of atoms of the other to form 
a molecule of the chemical compound. A molecule may be defined 
as the smallest portion of a substance which can have a separate 
existence. 

In chemistry the atoms of the various elements are denoted by 
letters thus: hydrogen H, oxygen O, nitrogen N, carbon C, and 
sulphur S, which are the elements which have to be considered in 
studying fuel and its combustion. 

A suffix to a symbol which represents an atom, denotes a number 
of atoms. Thus, N represents one atom of nitrogen, while N 3 denotes 
three atoms of nitrogen. A chemical compound is represented by 
placing together the symbols which represent the atoms forming a 
molecule of the compound. Thus, CO* represents carbon dioxide, a 
compound of carbon and oxygon, the molecule consisting of 1 atom of 
carbon and 2 atoms of oxygen. A number placed in front of the 
formula for a molecule denotes that number of molecules. Thus, 2C0 2 
denotes 2 molecules of carbon dioxide. 

96 
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Combustion is the chemical combination which takes place between 
the constituents of a fuel and oxygen when the fuel burns. 

The combustion of hydrogen will first be considered. Two atoms 
of hydrogen combine with one atom of oxygen to form one molecule of 
steam, which will generally condense to water. This combination is 
represented by the equation — 

Hydrogen Oxygen Water 
H, + O H,0 

A molecule of oxygen consists of two atoms, so does a molecule of 
hydrogen, and the equation which represents the combustion of hydro- 
gen is sometimes written : 2 H 2 4* = 2H a O, which means that two 

molecules of hydrogen combine with one molecule of oxygen to form 
two molecules of steam or water. 

A most important law may now be stated. According to the 
kinetic theory of gases, and also from purely chemical considerations, 
equal volumes of different gases at the same pressure and temperature 
contain the same number of molecules. The temperature must however 
be sufficiently above that at which the gas liquefies. For example, if a 
cubic foot of hydrogen gas contains n molecules then a cubic foot of 
oxygen gas and a cubic foot of steam gas will each contain n molecules, 
the gases being at the same pressure and temperature. The equation 
2H 2 4- Oy = 2H 2 0 may be written thus : 2(nH 2 ) 4 (n0 2 ) = 2(«H a O), 
which shows that 2 cubic feet of hydrogen gas combine with 1 cubic 
foot of oxygen gas to form 2 cubic feet of steam gas, all at the same 
pressure and temperature. 

Since equal volumes of gases contain the same number of molecules 
it follows that the relative weights of equal volumes of gases will be 
the same as the relative weights of their molecules. 

The relative weights of the atoms or the atomic weights of the 
elements are expressed in terms of the weight of ari atom of hydrogen. 
Thus, H = 1, O = 10, N = 14, C = 12, and S = 32. 

The following table gives the atomic weights of the elements and 
the molecular weights of the gaseous elements and chemical compounds 
which are required in combustion calculations. 


Element or Compound. 

! Atomic Weight. | 

Molecular Weight. 


Hydrogen 

11 = 1 

H, = 1 X 2 

* 2 

Oxygen 

0 = 16 

0 2 = 16 X 2 

* 32 

Nitrogen 

N = 14 

N 2 = 14 X 2 

= 28 

Carbon 

Sulphur 

Water or steam . 

C =12 

S =32 

H .,0 = 1 x 2 4 16 

= 18 

Carbon dioxide 


CO. = 12 4 16 X 2 

= 44 

Carbon monoxide 


CO = 12 4 16 

= 28 

Methane or Marsh gas . 


CII 4 = 12 4 1 X 4 

C 2 H 4 = 12 X 2 4 l X 4 

= 16 

Ethylene or Olefiaut gas 


= 28 

Acetylene 


C 2 H 2 = 12X241X2 

= 26 

Sulphur dioxide . 


S0 2 = 32 4 16 X 2 

= 64 


From the atomic weights of the elements the relative weights of 
the elements and compounds which enter into chemical combination 
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with one another or which result from such combination are determined, 
and from the inolcular weights the relative volumes of the gases 
entering into chemical combination or resulting from such combination 
are readily found. 

The relative weights of the substances in the equation 211, + O s 
= 2FLX) may now be written under them as follows : — 


Relative f 
weights 1 


2H 2 + 0 2 = 2H 2 G 

2x1x2+ 16x2 = 2(1 x 2 + 16} 
that is 4 + 32 = 66 

or 1 + 8 = 9 


which shows that 1 lb. of hydrogen combines with 8 lb. of oxygen to 
form 9 lb. of water. 

Considering next the combustion of carbon: one atom of carbon 
combines with two atoms of oxygen to form carbon dioxide gas and 
this is represented by the equation 


Relative J 
weights ^ 


that is 
or 


Carbon. 

C 

+ 

Oxygen. 

o 2 

Carbon dioxide. 

= CO* 

12 

+ 

16 x 2 

= 12 + 16 X 2 

12 

+ 

32 

= 44 

1 

4- 

2-67 

=- 3-67 


which shows that 1 lb. of carbon combines with 2*67 lb. of oxygen to 
form 6*67 lb. of carbon dioxide. Also the volume of the O s on the 
left-haud side of the above equation will be the same as the volume 
of the C0 2 on the right-hand side wheu at the same pressure and 
temperature. 

Carbon is said to be completely burned when it combines with 
oxygen to form carbon dioxide (C0 2 ). There is, however, another 
compound of carbon and oxygen, carbon monoxide (CO), which may 
be formed when the carbon is burned in a supply of oxygen which is 
insufficient to form carbon dioxide. The combustion of carbon to 
carbon monoxide is represented by the equation 

Oxygon. Carbon monoxide. 

+ 0 ., = 200 

+ 16 x“ 2 = 2(12 + 16) 

+ 32 = r>6 

+ 1*33 = 2-33 


Carbon. 

•20 

Relative ( ,, , . “ 

. , , - that is 24 

weights [ or , 


which shows that 1 lb. of carbon combines with 1’33 lb. of oxygen to 
form 2’33 lb. of carbon monoxide. Also the volume of oxygen used is 
half the volume of the carbon monoxide produced, at the same pressure 
and temperature. 

Carbon monoxide will combine with oxygon to form carbon dioxide 
as shown by the equation 


Relative f 
weights [ 


Carbon monoxide. Oxygen. 

2 CO + 0 2 

2(12 + 16) + 16x2 

that is 56 + 32 

or 1 + 0*57 


Carbon dioxide. 
2C0 2 

2(12 + 16 X 2) 
88 


1*57 


which shows that 1 lb. of carbon monoxide combines with 0*57 lb. of 

H 
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oxygen to form 1*57 lb. of carbon dioxide. Also, two volumes of 
carbon monoxide combine with one volume of oxygen to form two 
volumes of carbon dioxide, at the same pressure and temperature. 
Carbon monoxide burns with a blue flame. 

Another reaction which occurs in furnaces is the reduction of 
C0 2 to CO when the C0 2 formed in one part of the furnace passes 
over red-hot carbon, as shown by the equation C0 2 + 0 = 2CO. 

Sulphur occurs in fuels to a small extent only. The equation 
which represents the combustion of sulphur is as follows : — 


Relative f 
weights | 


that is 
or 


Sulphur, 

S 

32 

32 

1 


Oxygen. 

+ o 2 = 

+ Id X 2 = 

4- 32 = 

+ 1 = 


Sulphur dioxide. 

so 2 

32 + 16x2 
64 


which shows that 1 lb. of sulphur combines with 1 lb. of oxygen to 
form 2 lb. of sulphur dioxide. 

Consider lastly, the combustion of one of the hydrocarbons, 
say, ethylene or olefiant gas, which has the molecular formula C 2 II 4 . 
The combustion of this gas in oxygon is represented by the 
equation 

Ethylene. Oxygen. Carbon dioxide. Steam. 

C 2 H 4 + 30 2 = 2CU> 4- 21I 2 0 

(12x2 + 1x4) + 3(16x2)= 2(12+ 16 X 2) + 2(1 x 2 + 16) 
that is 28 + 96 = 88 + 36 

or 1 + 3*43 = 3-14 + 1-29 

Relative numbers ^ 

of molecules or ! 1 + 3 = 2 + 2 

relative volumes J 


Relative | 
weights y 


The above shows that 1 lb. of ethylene requires 3 43 lb. of oxygen 
to form 3*14 lb. of carbon dioxide and 1*29 lb. of steam gas. 

Also, 1 cubic foot of ethylene requires 3 cubic feet of oxygen to 
form 2 cubic feet of carbon dioxide and 2 cubic feet of steam gas, all at 
the same pressure and temperature. 

When the products of combustion are cooled the steam condenses 
to a negligible'volume. Hence it follows that the volume of the dried 
products of combustion in the above example is equal to twice the 
volume of the ethylene gas burned, the volumes being measured at the 
same pressure and temperature. 

74. Composition of Air. — For the purpose of combustion calcu- 
lations the composition of atmospheric air may be taken as 
follows : — 

By weight. By volume. 

Oxygen . . 23 per cent. . . 21 per cent. 

Nitrocren . 77 . . 79 ,, 

From the above it follows that 1 lb. of oxygen is associated with 
77/23 = 3*35 lb. of nitrogen in 4-35 lb. of air. 

Also, 1 cubic foot of oxygen is associated with 79/21 = 3*76 cubic 
feet of nitrogen in 4 a 76 cubic feet of air. 

75. Composition of Fuels. — The subject of fuel will be treated 
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more fully further on in this chapter, but it will be convenient at this 
stage to state what are the constituents of fuels commonly used in 
connection with heat engines, and in what average proportions the 
constituents exist in the different fuels. 

Tho important combustible constituents of fuels are carbon and 
hydrogen. Sulphur occurs to a small extent but its value as a 
combustible may in general be neglected. Besides these combustible 
constituents there are oxygen and nitrogen, and in solid fuels there 
are small quantities of mineral substancos which form the ash when 
the fuel is burned. 

When it is stated that a fuel consists of certain elements in given 
proportions it must not be understood that these elements exist 
separately in the fuel. The actual composition of most fuels is 
extremely complicated. The hydrogen, for example, will be in com- 
bination with the carbon forming, in general, a considerable number 
of different chemical compounds known as hydrocarbons. Chemical 
analysis will show what are the elements of which a fuel is composed 
and in what proportions these elements exist in the fuel, but the 
analysis does not generally show how these elements are combined 
together in tho fuel because in the process of analysing it the various 
chemical compounds in the fuel are generally decomposed. 

An analysis of a fuel into its elements does however enable the 
amount of air required for its combustion to be calculated. Also, 
from the analysis the heating value of the fuel may bo calculated 
approximately. 

The approximate average composition, per cent., by weight, of 
various fuels is given in the following table : — 


Aver one Composition of Various Fuels. 


Fuel. 

Carbon. 

Hydrogen. 

Oxygon 

! Nitrogen. 

Sulphur. 

Ash. 

Wood (dry) . 

48‘ 5 

6-0 

43*5 

| 0*5 



1-5 

Peat (dry) . . . 

58 0 

6-3 

30*8 

: 0*9 

— 

4 0 

l jignito (brown coal) 

60*0 

! 5*o ; 

20*0 

! i-o : 

10 

7*0 

Bituminous coal 

810 

5*0 . 

8-0 

! 1-5 ! 

10 

3-5 

Anthracite . 

91*0 

3*0 

2-5 

i 0*5 

; 0*5 

2*5 

Petroleum (crude oil) 

86*0 

13-0 

1*0 


— 

— 


76. Air for Combustion — Products of Combustion. — The reactions 
which takes place when the elements of fuel are burned in oxygen 
have been given in Art. 73. The same reactions occur when these 
elements are burned in air, but the products of combustion will now 
contain the nitrogen of the air supplied. The nitrogen of the air 
undergoes no chemical change, that is, it does not combine with any of 
the elements of the fuel when the fuel is burned. 

The various equations representing the complete combustion of tho 
separate elements hydrogen, carbon and sulphur, in air will now be 
given showing the relative weights of the different substances and the 
relative volumes of the gases involved. Compounds and fuels of 
known composition will then be similarly dealt 'with. 
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Hydrogen . — 1 lb. of hydrogen requires 8 lb. of oxygen to form 9 lb„ 
of water or steam. 



Hydrogen. 

Oxjgcn. NitrogoD. 

Water. 

Nitrogen. 




2H 2 + 

o 2 

= 2H 2 0 




/ 

1 + 

8 + 8 x 3 35 

= 9 + 

8 X 3-35 

Relative 




air = 8 x 4*35 



weights 



1 + 

8 + 26*8 

II 

+ 

26-8 



V 


air = 34*8 



Relative 


\ 

2 4- 

1 + 3*76 become 0 + 

3-76 

volumes 


) 


air = 4*76 




The steam in the products of combustion is supposed to be con- 
densed to water whose volume may be neglected. The dried products 
of combustion will consist of nitrogen only. 

Carbon. — 1 lb. of carbon requires 2G7 lb. of oxygen to form 3 G7 lb. 
of carbon dioxide. 

Carbon. Oxygen. Nitrogen. Carbon dioxide. Nitrogen. 



c 

+ 

o. 


C0 2 

Relative j 

1 

+ 

2-67 4 2-67 x 3-3t 

^ " 

air = 2-67 X 4 '35 

) 

3-67 4- 2-67 x 3-35 

weights 

r 

+ 

2-67 + 8-94 

air = 1 1'61 

■ 

3-67 + 8-94 

Relative 

volumes 

i 0 

+ 

1 + 3-76 

air = 4*76 

become 

1 + 3-76 


The carbon on the left hand side would be solid and its volume 
may be neglected. 

The relative total weight of the products of combustion is 3*67 + 
8*94 = 12*61. Hence the percentage composition of the products by 
weight is C0 2 29*1 and N 70*9. 

The relative total volume of the products is 4*76. Hence the 
percentage composition of the products by volume is C0 2 21 and N 79. 

Sutyhur . — 1 lb. of sulphur requires 1 lb. of oxygen to form 2 lb. of 
sulphur dioxide. 



Sulphur. 

s + 

Oxygen. Nitrogen. 

o 2 

Sulphur dioxide. 

= S0 2 

Nitrogen. 

Relative 1 
weights | 

( 1 + 

I 

1 + 3-35 

- — 

air = 4*35 

= 2 + 

3-35 

Relative ] 
volumes j 

1 0 + 

\ 

1 + 3*70 become 1 + 

3-76 


The percentage composition of the products by weight is S0 2 37*4 
and N 62*6. 

The percentage composition of the products by volume is S0 2 21 
and N 79. 
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Oil fuel . — Taking the composition of an oil fuel, by weight, to be, 
carbon 85*1 per cent., hydrogen 13*7 per cent., and oxygen 1*2 per 
cent., the air required for the combustion of 1 lb. of this fuel and 
the composition of the dry products of combustion are determined as 
follows : — 

The oxygon in 1 lb. of the fuel is sufficient for the combustion of 
0*012 -7-8 = 0*0015 lb. of hydrogen, leaving 0*137 — 0 0015 = 0*1355 
lb. of hydrogen to be provided with oxygen from the air. 

Oxygen from air for hydrogen = 0*1355 x 8 = 1*08 lb. 

„ ,, carbon = 0*851 x 2*67 = 2*27 lb. 

Total 3-35 lb. 

Total air required per lb. of fuel = 3*35 x 4*35 = 14*57 lb. 

Nitrogen supplied per lb. of fuel = 14*37 — 3*35 = 1 1*22 lb. 

Taking the volume of 1 lb. of air at 0 O. and 14*7 lb. per square 
inch pressure, as 12*39 cubic feet, the volume of air required per lb. 
of fuel = 12*39 X 14*57 = 180 5 cubic feet at 0" 0. and 14*7 lb. per 
square inch 

The products of combustion, per lb. of fuel, will consist of 

Carbon dioxide = 0*851 x 3*07 = 3*12 lb. 

Water or steam = 0*137 X 9 = 1*23 lb. 

'Nitrogen .... =11*22 lb. 

Total = 15 57 lb. 

The dry products of combustion, per lb. of fuel, will contain 

Carbon dioxide . . . 3*12 lb. 

Nitrogen . . . 11*22 lb. 

Total = 14*34 lb. 


The percentage composition of the dry products by weight 
is therefore, carbon dioxide =; * ^ = 21 *8, and nitrogen 


11-22 X 100 


= 78*2 


The molecular weights of hydrogen, carbon dioxide, and nitrogen 
are 2, 44, aud 28 respectively. Let V be the volume of 1 lb. of 
. 3*12 x 2V 


hydrogen, then the volume of 3*12 lb. of C0 2 is 


0 142 V, 


11*22 x 2V 

and the volume of 11-22 lb. of N is ^ = 0*801 V. Hence 

the volume of dry products per lb. of fuel is 

0-1 42 V + 0*801 V = 0-943V. 
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The percentage composition of the dry products by volume is 

™ 0 142 x 100 w 0*801 x 100 fl . .. 

therefore, C0 2 = -- 43 ~ “ lo&l > aiul N 


store 

V 


0*943 


•s^djoal . — The percentage composition of a Scotch bituminous coal, by 
weight, was found to be : C 76*6, II 5*3, O 12 * 8 , N 2*1, S 1*2, and 
ash 2*0. It is required to find the minimum amount of air necessary 
for the complete combustion of 1 lb. of this coal and the percentage 
composition by weight and by volume of the dry gaseous products of 
combustion. 

The oxygen in 1 lb. of this coal is sutlicient for the combustion 
of 0*128 -f- 8 = 0*016 lb. of hydrogen, leaving 0*053 — 0*016 = 0*037 lb. 
of hydrogen to be provided with oxygen from the air. 

Oxygen from air for hydrogen = 0 037 x 8 = 0*296 lb. 

„ ,, ,, „ carbon = 0*766 x 2*67 = 2*045 „ 

,, „ ,, „ sulphur = 0 01 2 x 1 = 0*012 ,, 


Total = 2*353 


Total air required per lb. of coal = 2*353 x 4*35 = 10*236 lb. 
Volume of air required per lb. of coal = 10*236 x 12*39 
126*8 c. ft. at 0° C. and 14*7 lb. per square inch. 

Nitrogen supplied per lb. of coal = 10*236 — 2*353 = 7*883 lb. 
The products of combustion per lb. of coal will consist of 

Water or steam 0*053 X 9 = 0*477 lb. 

Carbon dioxide 0*766 x 3*67 = 2*811 ,, 

Sulphur dioxide 0*012 x 2 - 0*024 „ 

Nitrogen 7*883 + 0*021 = 7*904 „ 

Ash = 0*020 „ 

Total = 11*236 


The dry gaseous products per lb. of coal are, C0 2 2*811, SO> 0*024, 
and N 7*904, total 10*739 lb. 

Expressed as percentages these become, C0 2 26*2, S0 2 0 * 2 , N 73*6. 
The molecular weights of H, C0 2 , S0 2 , and N are 2 , 44, 64, and 
28 respectively. If V is the volume of 1 lb. of hydrogen, then, the 
volumes of the gaseous constituents of the dry products per lb. of coal 

are: C0 2 , 0 -128V, S0 2 *? - 0-001V, and 


N 


7-904 x 2V 
28 


44 

= 0-565V, total 0-694V. 


64 


The percentage composition of the dry gaseous products by volume 

. . . 0-128 x 100 1D . 0 001 X 100 , , 

is therefore, CO. — — — = 18-4, &0 2 — -ttzth =01, and 


0-094 


0094 


N 


0-565 x 100 
0-694 


81-4. 
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Gaseous fuel . — The percentage composition of a producer gas by 
volume was— -H 14, CH 4 1, CO 24, C0 2 5, 0 1, and N 55. It is 
required to find the minimum volume of air necessary for the complete 
combustion of 100 cubic feet of this gas and the composition of the dry 
products of combustion by volume. 

The equations representing the reactions which take place and 
the relative volumes of the gases involved when the combustibles 
H, CH 4 , and CO are burned are, as follows l 


For hydrogen 2JI 2 + 0 2 = 2Fr 2 0 

Relative volumes 2+1 = 2 
For methane CTT 4 + 20 2 = C0 2 + 2H 2 0 

Relative volumes 1 +2 = 1 + 2 

For carbon monoxide 200 + 0 2 = 2C0 2 
Relative volumes 2 + 1 = 2 

Hence tabulating by volumes in cubic feet 


14 of hydrogen 
1 of methane 
2 1 of carbon monoxide 
5 of carbon dioxide; 

1 of oxygen 
55 of nitrogen 


O H 2 0 COo 
+ 7 = 14 
+ 2 = 2 + 1 
+ 12 = — + 24 


N 


55 


1 00 cubic feet of gas 


+ 20 = 16 + 30 + on 


Volume of air required - 20 x -jy- = 95 cubic feet. 

Volume of nitrogen added with air = 95 — 20 = 75 cubic feet. 

Volume of nitrogen in products = 75 + 55 = 130 cubic feet. 

CO, N 

Volume of dry products = 30 + 130 = 160 cubic feet. 

* J „ „ „ = 18-75 + 81*25 = 100 per cent. 

^77. Determination of Air Supplied from Analysis of Flue Gases.— 
In the preceding Art. it has been shown how the minimum amount of 
air required for the complete combustion of a fuel of known composition 
may be calculated. But in order to ensure that each atom of the 
combustible part of the fuel shall meet its proper supply of atoms of 
oxygen, it is necessary to supplv an excess of oxygen and therefore an 
excess of air. In actual practice the amount of this excess air depends 
on the character of the fuel, the kind of furnace, the method of stoking 
or of supplying the fuel to the furnace, and the pressure of the air 
supplied. Generally the excess air is from 50 per cent, to 100 per 
cent, of the theoretical minimum. 

Tho amount of air required in ordinary furnaces is so great that it 
is not generally practicable to measure it directly, but it will now be 
shown how the amount of air actually passing through the furnace 
may be calculated from the analysis of the flue gases. The determina- 
tion of tho composition of the flue gases will not be described here, 
but it may be stated that the actual analysis is by volume and only the 
gases C0 2 , CO, N, and O aro generally determined. The S0 2 is usually 

1 In tho equations connecting volumes before and after combustion, for “ = *' 
roat 1 “become/* 
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so small as to be negligible and the steam is condensed but the result- 
ing water is not generally measured. 

The method of finding the air supplied will be best understood by 
considering an example. 

Analysis of dry flue gases by volume : C0 2 1 1 per cent., CO 1 per 
cent., N 81 per cent., O 7 per cent. Also weight of carbon in fuel 
= 83 per cent. 

Remembering that the molecular weights of gases are the relative 
weights of equal volumes of them, it follows that the relative weights 
of the given relative volumes of the gases in the above example are 

C0 2 CO N O 

11 X 44 : 1 x 28 : 81 x 28 : 7 x 32 


The weight of carbon in 11 x 44 parts by weight of C0 2 
= x 11 X 44 = 12 x H. 

The weight of carbon in 1 X 28 parts by weight of CO 
= ^ X 1 X 28 = 12 x 1. 

Total weight of carbon in the above parts of OOo and CO 
= 12 X 12. 

Weight of nitrogen in flue gases 81 x 28 
Weight of carbon in flue gases 12 X 12’ 

But, neglecting the nitrogen in the fuel, this is also the ratio of the 
weight of nitrogen in the air supplied per pound of fuel to the weight 
of carbon in 1 lb of fuel. Hence, weight of nitrogen per pound of 
81 x 28 

fuel =• - X 0 83, and weight of air per pound of fuel 

12 x 12 ° r 

81 x 28 100 

= 10 — : X 0*83 x _ = 1< lb. 

12 x 12 i i 

The excess air is determined from the amount of oxygen in the 
flue gases as follows : -Referring to the foregoing example, the 7 per 
cent, of oxygen is the oxygen of the excess air. The amount of nitrogen 
associated with this oxygen to form air is 7 x = 26*3 and the ratio 

26-3 

of the excess air to the total air is - - • . Therefore the excess air is 

81 

26*3 

■ — x 17 = 5*5 lb., and the amount used for the combustion of the 
8 1 

fuel is 17 — 5*5 = 11 *5 lb. 

If C 2 , C 1# N, and Y are the percentage volumes of C0 2 , CO, N and 
O respectively in the dry flue gases, and if C is the percentage weight 
of carbon in the fuel, then, it is easy to show that, 


weight of air supplied per pound of fuel = 

* * 79YC 

and, weight of excess air per pound of fuel = — V*i77i — r~yr; 

-i i X oo\y>2 T Cjj 

Also, the excess air (by weight or volume) expressed as a percentage 

^ ^ 100 X 79Y 

of the effective air used is given by the expression - ^ — y . 
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3. Calorific Value of a Fuel. — The number of heat units produced 
by the complete combustion of a unit weight of a fuel is called its 
calorific value or heat of combustion. In the case of a gaseous fuel the 
calorific value may also be given per unit volume of the gas at standard 
pressure and temperature. The calorific value of a fuel is determined 
by burning it in a fuel calorimeter in which the heat produced is com- 
municated to a known weight of water. The amount of heat taken up 
by the water is its rise in temperature multiplied by its weight. 

The calorific values of the principle combustible constituents of fuels 
are given in the table below. The values under the heading il at 
constant pressure ” are the values to be used in dealing with the com- 
bustion in boiler furnaces because in such furnaces tho pressure is 
constant and the gases are free to expand or contract. The reason for 
the difference between the calorific values at constant pressure and at 
constant volume and the calculation of this difference are discussed in 
the next Art. 

Calorific Values of the Principal Constituents of Fuels. 



At constant pnssnre. 

At constant \oluiue. 

Combustible. 



— 



C.H.U. 

li.* ! t U. 

C.H.U. 

M Th.U. 

Hydrogen 

34500 

62100 

34095 

61371 

Carbon burned to OOo .... 

8100 

14580 

81 CO 

14580 

CO. . . . • 

‘24 16 

4349 

2439 

4390 

Carbon monoxide (CO) .... 

243G 

! 4385 

2426 

4367 

Methane (CHj .... 

13344 

■ 24019 

13276 

23897 

Ethylono (C«HJ 

12182 

; 21928 

12143 

21857 

Sulphur 

2300 

! 4140 

2300 

4140 

. 

. 

- — 

— 

! 


Calorific values are subject to experimental errors and the values 
determined by different experimenters generally differ. The values 
given in the above table are based on those determined by Bertbelot, 
Thomsen, and others. 

J 79. Calorific Values at Constant Pressure and at Constant 
Volume.— When fuel is burned in ordinary furnaces it is burned at 
constant pressure , generally atmospheric, but in what aro known as 
bomb calorimeters the fuel is burned in a confined space so that the 
volume of the products of combustion is the same as that of the fuel 
and oxygen before firing. The fuol is then said to be burned at constant 
volume . Now the same fuel may or may not have the same calorific 
value when burned under these different conditions. 

Consider the combustion of hydrogen. The equation 2H 2 +0 2 
= 2H o 0 shows that 2 volumes of hydrogen combine with 1 volume 
of oxygen to form 2 volumos, of water vapour which in a calorimeter is # 
condensed to water whose volume may be neglected. First imagine 
2 volumes of hydrogen, denoted by 2i», to be mixed with 1 volume of 
oxygen, denoted by «?, and lot there be an excess volume of oxygen 
denoted by x, tho mixture to be in a long cylinder fitted with a piston. 
Let the pressure on the outer face of the piston be constant and equal 
to P the pressure of the mixture in the cylinder beneath the piston. 
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Now let the mixture of hydrogen and oxygen be ignited. An explosion 
will take place, the temperature will bo greatly increased, and the 
piston being free to rise, the water vapour formed by the combustion 
of the hydrogen will increase in volume and tho piston will rise until 
the volume beneath it is, say, V. External work equal to P( V — 3w — x) 
will be done in pushing out the piston. Now lot tho heat be withdrawn 
by water surrounding the cylinder. The water vapour in the cylinder 
will condense and the piston will descend and in descending work will 
be done on the water vapour and excess oxygen until all the water 
vapour is condensed when the work done by tho external pressure on 
the piston will be P(V — ir). Tho not external work done is there- 
fore — 3Pr and this is converted into heat which will be communicated 
to the water outside the cylinder. If the experiment be repeated but 
with the piston fixed in the cylinder so that it cannot rise or fall no 
external work will be done by or on the gases in the cylinder and tho 
amount of heat evolved or communicated to the cooling water will 
therefore be less than in the first experiment by the heat equivalent of 
the work 3Pi\ 


If P is in lb. per square foot and v is in cubic feet then 3 Pi; is in 
foot-pounds. The heat equivalent of the work 3Pw is 3APv, where A 
is the reciprocal of the mechanical equivalent of heat. Taking P as 
standard atmospheric pressure 14*7 X 144 lb. per square foot, and 2y, 
the volume of hydrogen, used as 178*6 cubic feet per lb. at 0 3 C., and 


A 1 /HAA rru q AT) 3 x 14'7 X U4 X 17S-G AA-nUTT 

A as 1/1400. Ihen, 3APu = -- - — = 40 o C.H.U., 

1 1400 x 2 


and this is the difference between the values 34,500 and 34,095 given 
in the table on p. 105 for hydrogen at constant pressure and at constant 
volume respectively. 

' The student should in a similar manner verify the differences 
betweon the other values at constant pressure and at constant volume 
given in the table. Where there is no difference betweon tho two 
calorific values the volume of the fuel and oxygen before burning is the 
same as that of the products of combustion at the same pressure aftor 
cooling to the same temperature. 

When a calorific value is given without qualification as to constant 
pressure or constant volume, calorific value at constant pressure is to 
.be. understood. 

jj 80. Higher and Lower Calorific Values. — When hydrogen, or a 
fuel containing hydrogen, at ordinary atmospheric temperature, is 
burned and the products of combustion are cooled to the original 
temperature of the fuel, the water vapour formed by the combustion 
of the hydrogen is condensed and the whole of the heat of combustion 
is recovered or communicated to the cooling water, and the true 
calorific value of the fuel is determined either at constant pressure or 
at constant volume. When, however, a fuel is burned in ordinary 
furnaces the products of combustion escape at a temperature above 
that at which the water vapour would condense, and in addition to the 
sensible heat in the escaping gases there is a considerable amount of 
latent heat in the water vapour which is lost. 

If the latent heat in the steam formed by the combustion of 1 lb. of 
hydrogen be deducted from the total heat produced by the combustion 
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of that hydrogen the result is called the lower calorific value of the 
hydrogen and tbe total heat of combustion is the true or higher calorific 
value. The latent heat referred to is the latent heat of dry saturated 
steam at the standard atmospheric pressure of 14*7 lb. per square inch. 

The true heat of combustion of 1 lb. of hydrogen is 34,500 C.H.U. 
Now 1 lb. of hydrogen combines with 8 lb. of oxygen to form 9 lb. of 
steam and tho latent heat of this steam is 9 x 539 = 4851 C.II.U. 
The lower calorific value of hydrogen is therefore 34,500 — 4851 
= 29,649 C.H.U. 

This lower calorific value of hydrogen is very frequently taken in 
working out the results of boiler trials, but there are objections to this 
practice. 'The reason given for taking the lower calorific value is that 
the latent heat in the water vapour of the products of combustion is 
not available, but no more is a large amount of the sensible heat which 
escapes in the products of combustion. Tt is conceivable that a boiler 
plant might be designed in which the temperature of the products of 
combustion passing to the chimney might be reduced to atmospheric 
temperature, in which case all the heat both sensible and latent in the 
chimney gases due to the combustion of the fuel would be recovered. 

On the other hand the efficiency of a boiler when using a fuel con- 
taining a large percentage of hydrogen will appear to be less than 
when using a fuel containing a small percentage of hydrogen and this 
lower efficiency is not the fault of the boiler. This will be made clear 
by considering two cases. In ono case let the fuel used be pure carbon 
and in tho other suppose that the fuel consists of 85 per cent, of 
carbon and 15 per cent, of hydrogen. In both cases suppose that the 
temperature of the waste gases is 300 C. and that the temperature of 
the fuel and air entering the furnace is 0 J C. Also, in both cases let 
the fuel be burned with the minimum amount of air necessary for 
complete combustion. 

In the first case the waste gases will consist of 3*67 lb. of C0 2 and 
8*94 lb. of N per lb. of fuel, and the heat carried away by these gases 
will be 

300(3*67 x 0*22 + 8 94 x 0*24) = 886 C.H.U. 

The calorific value of the fuol is 8100 C.H.U. per lb. and the heat 
available for use by the boiler is 8100 — 886 = 7214 C.H.U. which is 
89 per cent, of the heat of combustion of the fuel. 

In the second case the waste gases will consist of 3*1 2 lb. of C0 2 » 
1-35 lb. of H 2 0, and 11*61 lb. of N per lb. of fuel, and the heat carried 
away by these gases will be 

300(3*12 x 0*22 + 11*61 x 0*24) 

+ (639 + 0*48 x 200) x 1*35 = 2034 C.H.O. 

(Note that the heat carried away by 1 lb. of steam is made up of : 
sensible heat, 100; latent heat, 539 ; and superheat, 0*48 X 200.) 

The calorific value of tho fuel is 

0*85 x 8100 + 0*15 x 34,500 = 12,060 C.H.U. per lb. 

Heat available for xise by the boiler = 12,060 — 2034 = 10,026 
C.H.U. which is 83 per cent, of the true calorific value of the fuel. 
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If the latent heat of the steam, 539 x 1*35, be deducted from the 
heat m the waste gases and also from the calorific value of the fuel the 
heat available tor use by the boiler will still be 10,026 C.H.LT., but this 
is now 88 per cent, of the altered or lower calorific value of the fuel. 

From the above it will be seen that if the boiler utilizes all the 
available heat in each case its efficiency is 89 per cent, with the carbon 
fuel, and only 83 per cent, with the carbon-hydrogen fuel using the 
higher calorific value of the fuel. But by using the lower calorific 
value the efficiency with the carbon-hydrogen fuel is raised to 88 per 
cent. 

It will be observed that the greater calorific value of tho fuel 
containing hydrogen is partly neutralized by the loss of heat in the 
greater weight of nitrogen in the waste gases and also by the specific 
heat of the steam being much higher than that of the other waste 
gases. 

When the calorific value of hydrogen or of a fuel containing 
hydrogen is given without the qualification higher or lower the higher 
or true value is to be understood. 

81. Calorific Values of Carbon. — It has been shown that 1 lb. of 
carbon combines with 2$ lb. of oxygen to form 3 5 lb. of carbon 
dioxide (C0 2 ). The heat produced by this combination has been 
found by moans of a calorimeter to be 8100 C.H.U. Again, 1 lb. of 
carbon combines with 1^ lb. of oxygen to form 2^ lb. of carbon 
monoxide (CO), but the heat produced by this combination cannot be 
determined in a calorimeter. Again, 1 lb. of carbon monoxide (CO) 
combines with f lb. of oxygen to form 1| lb. of carbon dioxide (C0 2 ) 
and the heat produced by this combination has been found by burning 
the CO in a calorimeter, the result being 2436 C.H.U. 

It will now be shown how the calorific value of carbon when 
burned to CO may be calculated from the above results. If 1 lb. of 
carbon be burned first to CO and the resulting CO be afterwards 
burned to C0 2 the total heat produced will be the same as if the 1 lb. 
of carbon had been burned directly to C0 2 . Let x be the calorific 
value of 1 lb. of carbon when burned to CO. The weight of the CO 
from 1 lb. of carbon is 2^ lb. Now the calorific value of 1 lb. of CO is 
2436 C.H.U., therefore the heat produced by the combustion of 2^ lb. 
of CO is 21 x 2436 = 5684 C.H.U. Honce, 

x + 5684 = 8100 and x = 8100 - 5684 = 2416 C.H. U. 

82. Calorific Value of a Chemical Compound. — Generally, but not 
always, when two or more elements unite to form a chemical compound 
heat is evolved, and, conversely, to split up this compound into its 
constituent elements will require the expenditure of the same amount 
of heat. 

Hence, it follows that in general the heat of combustion of a 
chemical compound will not be the same as that of the sum of the 
heats of combustion of the constituents of tho compound. Consider 
the compound methane or marsh gas (CH 4 ) The molecular weight of 
CH 4 is 12 + 4 = 16, and therefore 1 lb. of CH 4 contains £ lb. of C 
and £ lb. of H. Now £ lb. of C burning to C0 2 and £ lb. of IT 
burning to H a O will produce £ x 8100 + £ X 34,500 = 14,700 C.H.U. 
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But 1 lb. of CH 4 when burned to C0 2 and H 2 0 in a calorimeter 
produces 13,344 C.H.U., and the difference between these two results is 
14,700 - 13,344 = 1356 C.II.U. This amount, 1356 C.H.U., is the 
amount of heat which must be expended in splitting up the compound 
CH4 into carbon and hydrogen before the combustion of CH 4 to 
earbon dioxide and water vapour takes place. 

CX 83. Calorific Value Calculated from Analysis of Fuel. — Although 
the elements which enter into* the composition of a fuel and the 
proportions in which they occur may be determined by chemical 
analysis, the way in which these elements are combined in the fuel is 
generally unknown; particularly is this true of coal and other solid 
fuels. Nevertheless an approximate value of the heat of combustion 
of a fuel may be found by calculation from its chemical analysis by 
assuming that the heat of combustion of the fuel is equal to the sum 
of the heats of combustion of its constituents. 

When a fuel contains both hydrogen and oxygen it is* a common 
practice, in calculating the calorific value of a.fuel from its analysis, to 
assume that the oxygen is already in combination with part of the 
hydrogen in the proportion to form H 2 0 and that only the remaining 
part of the hydrogen, called the “free hydrogen, ’ is available for the 
production of heat when the fuel is burned. But it must be 
understood that it is doubtful whether the oxygen is combined as 
assumed. 

An example will serve to show how the calorific value of a fuel is 
calculated from its chemical analysis. Take the coal whose com- 
position was given on p. 102 and is here repeated. C 76*6, H 5*3, 
O 12*8, N 2*1, S 1*2, and ash 2 0 per cent. 


0*1 °8 

“ Free hydrogen '* per lb. of coal = 0*053 = 0*037 lb. 

o 

Heat produced by burning of free 

hydrogen = 0 037 x 34,500= 1276 C.H.U. 

Heat produced by burning of 

carbon = 0*766 x 8100 = 6205 „ 

Heat produced by burning of 

sulphur = 0*012 x 2300 = 28 „ 


Total heat of combustion of 1 lb. of coal = 7500 „ 

= 13,516 B.Th.U. 


If all the hydrogen in the above fuel is assumed to be available for 
the production of heat, the calorific value of the coal would be 
8061 C.H.U. or 14,510 B.Th.U. 

The most satisfactory way of finding the calorific value of any fuel 
is to burn a proper sample of it in a calorimeter. 0 
jy 84. Carbon Value and Evaporative Value of a Fuel. — The calorific 
value of a fuel divided by the calorific value of carbon when burned to 
C0 2 gives the carbon equivalent or carbon valve of the fuel. For 
example: if the calorific value of a particular kind of coal is 7509 
C.H.U. or 13,516 B.Th.U., then the carbon value of this coal is or 
1MJS = 0*927. This means that 0*927 lb. of carbon will produce the 
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same amount of heat as 1 lb. of the coal when combustion is 
complete. 

A very convenient measure of the heating value of a fuel is the 
weight of water which 1 lb. of the fuel would evaporate if all the heat 
produced by the combustion of the fuel were given to the wator. To 
make this measure quite definite it is obvious that the temperature of 
the water and the temperature of the steam must be standard 
temperatures. Both these temperatures are taken as that of boiling 
water at the standard atmospheric pressure (14-7 lb. per square inch), 
that is 100° C. or 212° F. 1 lb. of water at 100° C. or 212° F. 
evaporated at that temperature to dry saturated steam is the standard 
evaporation unit and represents 539 (J.H.U. or 970 B.Th.U. The 
evaporative value or evaporative power of a fuel is therefore its calorific 
value in C.H.U. divided by 539, or its calorific value in B.Th.U. divided 
by 970. For example : the evaporative value of a coal whose calorific 
value is 7509 C.HU. or 13,516 B.Th.U. is ^ or = 13*93 lb. 

85. Mean Specific Heat of Products of Combustion. — If w lt iv 2 , ? 0 3 , 
etc., be the relative weights of the individual products of the com- 
bustion of a fuel and if .<q, # 2 , etc., be the specific heats of these 
individual products respectively then the mean specific heat of the 
products of combustion is 

__ -1- + *3*0 1 + etc. 

w>i -f -f *0 3 + 

The various specific heats jq, * 2 , s 3 , etc. vary with the temperature, 
l>eing greater the higher the temperature. For temperatures up to 
that of the chimney gases from a steam boiler the following values of 
the specific heats may be used : 


Air, nitrogen, and carbon monoxide (CO) . . . 0*24 

Oxygen, and carbon dioxide (C0 2 ) 0*22 

Water vapour above 100° C (MS 

Ash 0*20 


At the temperatures occurring in the furnace itself the values of 
the specific heats are not known with certainty. 

86. Temperature of Combustion. — Assuming that when a fuel is 
burned the whole of the heat of combustion is, in the first instance, 
given to the products of combustion, and assuming values of the mean 
specific heats of the individual gases in the products, the temperature of 
combustion or calorific intensity is readily calculated as shown by the 
following examples. 

A fuel at 0° C. containing 85 per cent, of carbon and 15 per cent, 
of hydrogen, by weight, is completely burned. It is required to 
calculate the temperature of combustion : (a) when the air supplied is 
the minimum necessary for complete combustion; ( b ) when the air 
supplied is double that necessary for complete combustion. 

Consider the combustion of 1 lb. of the fuel, and let t =r temperature 
of combustion in degrees C. 

(a) 0*85 lb. of carbon requires 2*27 lb. of oxygen to form 3*12 lb. 
of CO*. 
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015 lb. of hydrogen requires 1*20 lb. of oxygen to form 1*35 lb. 
of H 2 0. 

Total oxygen required by 1 lb. of fuel = 3-47 lb. 

Weight of nitrogen associated with this oxygen = 3*47 X 54 
= 11-61 lb. 

Heat of combustion = 0-85 x 8100 + 0*15 x 34.500 = 12,060 
C.H.U. 

Assume that the mean specific heats of N and C0 2 are 0*27 and 
0’28 respectively from 0° to t°. Take the mean specific heat of steam 
at atmospheric pressure as 0‘6 from 100° to Z° . 

Heat in N = 11*61 x 0-27 1 = 3-135 Z. 

„ C0 2 = 3 1 2 x 0-28/ = 0-874/. 

„ H 2 0 = 1*35(100 + 539) + 1’35 x 0-6(7 - 100) 

= 782 + 0-810/. 

Total heat in products — 782 + 4*819/ = 12,060. 

Therefore / = 2340° C. = 4244° F. 

(b) With 100 per cent, of excess air the resulting temperature will 
1)6 lower and the mean specific heats of N, C0 2 and 0 may betaken 
as 0*26, 0*27, and 0*23 respectively from 0° to /°. The mean specific 
heat of the steam may be taken as 0*5 from 100° to Z°. 

The products will consist of 23*22 lb. of N, 3*47 lb. of O, 3*12 lb. 
of C0 2 , and 1-35 lb. of li 2 (). 

Heat in N 23-22 x 0*26/ = 6-037/. 

„ ()= 3-47 x 0-23/ = 0-798/. 

„ U() 2 = 3-12 x 0 27/ = 0-842/. 

„ HmO = 1-35(100 + 539) + 1*35 X 0-5(Z - 100) 

= 795 + 0-675/. 

Total heat in products = 795 + 8-352/ = 12,060. 

Therefore / = 1349° C. = 2460° F. 

Comparing cases (a) and (b) it is seen that the excess air has an 
important influence in reducing the temperature of combustion. The 
actual temperatures in practico arc generally much lower than those 
calculated as above because of the loss of heat by radiation and also 
because of partial dissociation of the products at high temperatures. 
The temperature of combustion is also considerably influenced by the 
rate at which the fuel is burned, being lower the lower the rate of 
combustion. In ordinary boiler furnaces the actual temperature 
varies from about 800° C. (1472° F.) to a maximum of about 1650° C. 
f30p2° F.). 

87. Varieties of Fuel. — Fuels maybe classified as : (1) Solid fuels , 
such as, wood, peat, and coal ; (2) Liquid fuels , such as, petroleum, 
shale oil, tar, and alcohol ; (3) Gaseous fuels , such as, natural gas, blast 
furnace gas, coal gas, and producer gas. 

88. Wood. — Thoroughly dried wood contains about 50 per cent, of 
carbon, 6 per cent, of hydrogen, 42 per cent, of oxygen, and 2 per 
cent, of ash. On account of the large amount of oxygen present less 
than 1 per cent of the hydrogen is available for combustion, and the 
heat of combustion of wood is almost entirely due to the carbon which 
it contains. 
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Ordinary air-dried firewood usually contains about 20 per cent, of 
moisture, so that its composition per cent, is about as follows : carbon, 
40; hydrogen, 4*8; oxygen, 33 0; ash, 1*6; and water, 20. Newly, 
felled wood contains from 25 to 50 per cent, of moisture. 

The average calorific value of air-dried wood with 20 per cent, of 
moisture is about 3300 C.H.U. (5940 B.Th.U.) 

89. Peat. — Peat consists of the fossil remains of vegetable matter, 
generally mosses and aquatic plants. Ordinary air-dried peat usually 
contains from 20 to 80 per cent, of water. 

The mean composition of perfectly dry peat is about as follows : 
carbon, 58 ; hydrogen, 6 ; oxygen, 30 ; nitrogen, 1 ; and ash, 5. 

The composition per cent, of air-dried peat with 25 per cent, of 
moisture is about as follow's : carbon, 43*5 ; hydrogen, 4*5 ; oxygen, 
22*5; nitrogen, 0*8 ; ash, 3 8; and water, 25. The calorific value of 
this peat is about 3500 C.H.U. (6300 B.Th.U.). 

90. Coal. — Coal is the product of vegetable matter which has, 
during the course of ages, been decomposed and solidified under great 
pressure. The character of the coal depends on the length of time 
which has been occupied in its production and on the amount of pres- 
sure and heat to which it has been subjected in the strata of the earth. 

The principal varieties of coal are as follows : — I. Lignite or browm 
coal. II. Bituminous coals, which embrace (1) cannel or long flaming 
coal, (2) caking coal, and (3) non-caking or dry bituminous coal. 
III. Anthracite. 

The gradual conversion of woody fibro into peat and the different 
kinds of coal is shown in the following table, given on the authority of 


Dr. Percy : — 

Carbon. Hydrogen. Oxygen. 

Wood 100 12*18 88*07 

Peat 100 9*85 55*67 

Lignite 100 8-37 42*42 

Bituminous coal . . . 100 6;12 21*23 


Anthracite (Wales) . . 100 4*75 5 28 

Anthracite (Pennsylvania) 100 2*84 1*74 


Lignite or brown coal is intermediate in appearance and properties 
between peat and true coal. It burns with a very long smoky flame, 
and it is generally non -caking. After drying in the air lignite contains 
from 15 to 20 per cent, of moisture. If thoroughly dried in a stove 
and again exposed to the air it reabsorbs the water which it lost in 
drying. The composition of lignite varies considerably. A sample of 
good quality when thoroughly dried contained 65 per cent, of carbon, 
5 per cent of hydrogen, 22 per cent, of oxygen, 1 per cent, of nitrogen, 
and 7 per cent, of ash. The specific gravity varies from 1*2 to 1*3. 

Cannel coal is highly valued for gas-making. It burns with a long 
flame, and gives off large quantities of smoke. Specific gravity 1*27 
to 1*32. 

Caking bituminous coal softens and swells when heated, and the 
parts adhere together, forming a pasty mass. It burns with a fairly 
long flame, and requires careful stoking to avoid smoke. Specific 
gravity 1*26 to 1*36. 
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Non-caking or dry bituminous coal burns with a shorter flame than 
that of the caking coal, and it gives off little or no smoke. Specific 
gravity V28 to 1*42. 

Anthracite burns without flame or smoke, and with an intense local 
heat, but it requires a strong draught for its combustion. It is hard 
and brittle, and most varieties decrepitate considerably when heated, 
especially when the heat is applied suddenly. Care has therefore to 
be taken that the Are is so managed that the small pieces do not fall 
through between the fire-bars and get lost. Specific gravity 1*35 
to 1*7. 

The moisture in coal, other than brown coal, when brought to the 
surface may be from 5 to 10 per cent. After exposure to the air the 
amount of moisture may be from 1 to 5 per cent. 

The composition, per cent., of some typical coals is given in the 
following table, but it must be remembered that the composition of 
coal of the same class and even from the same pit is variable. 


Class and Locality of Coal. 

i c '■ 

» 

o ; 

N 

8 i 

Ash. 

Cancel (Wigan) 

Cancel (Scotland) 

; 84-i | 

57 

7-8 : 



2*4 

1 G<>*5 | 

7-5 

108 

1-4 

08 

13*0 

Caking Bituminous (Northumberland) 

; 81-4 ; 

5-8 

7’9 

21 

0-7 

21 

Caking Bituminous (South Wales) . 

: 83-4 

5-7 

5-9 

1-7 

0-8 

2*5 

! 

j Non-caking Bituminous (South Wales) . 

“ Nixon’s Navigation ” (Glamorganshire) 

. ' 87-0 . 

4-4 

! 2*5 . 

1-1 

1*1 

3*3 

88-8 , 

4*1 

1 2-1 ; 

10 ; 

0-7 

30 

Anthracite (South Wales) .... 

’ 90-4 ! 

3-3 

1 3-0 ! 

0*8 

0*9 

1*6 

Anthracite (Pennsylvania) .... 

; 92*6 ! 

2-6 

i 1-6 I 

0*9 

: — 

2-3 


91. Artificial Solid Fuels . — Briquette fuel is usually made by 
mixing coal dust with pitch or some other binding material, the mixture 
being pressed and formed into hard blocks of rectangular shape. 
Good briquette fuel contains about 7 per cent, of ash, 8 per cent, of 
pitch, and 3 per cent, of moisture in addition to the coal. Its calorific 
value is about 8000 C.H.U. (14,400 B.Th.U.). 

Briquette fuel is also made from peat and from brown coal and has 
then a calorific value of 4000 to 5000 C.H.U. (7200 to 9000 B.Th.U.). 

Wood charcoal is made by heating wood out of contact with the 
atmosphere, or with only a limited supply of air, to a temperature not 
lower than 550° Fahr. The higher the temperature, the blacker and 
harder is the charcoal produced. The yield of charcoal varies from 
15 to 25 per cent, by weight of the wood from which it is produced, 
the yield ■ being lower the higher the temperature. Dry charcoal 
contains from 80 to 95 per cent, of carbon, 0*5 to 3 per cent, of 
available hydrogen, and 1 to 5 per cent, of ash, the remainder being 
nitrogen and combined oxygen and hydrogen. Charcoal which has 
been exposed to the air usually contains from 5 to 12 per cent, of 
moisture. The calorific Value of good dry -charcoal is about 7000 
C.H.U. (12,600 b.Th.U.). 
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Peat charcoal is prepared from peat in the same manner that wood 
charcoal is made from wood. Good peat charcoal when perfectly dry 
contains from 80 to 90 per cent, of carbon, and 10 to 15 per cent, of 
ash. It is usually extremely friable. 

Coke is the solid carbonaceous material left after coal has been 
heated to a high temperature with a limited supply of air, or, in the 
case of gas coke, with no air at all. 

The best coke for fuel is prepared from bituminous coals. It is 
hard, brittle, and porous, of a dark grey colour and slightly metallic 
lustre. 

The yield of coke from bituminous coals is from 50 to 80 per cent, 
of the weight of the coal. Anthracite yields from 80 to 95 per cent, 
of coke, which is of a pulverulent or powdery nature and is not 
valued as a fuel. 

Good dry coke contains from 85 to 95 per cent, of carbon, 0*25 to 
2 per cent, of sulphur, and 4 to 12 per cent, of ash. Exposed to the 
air, it absorbs from 10 to 20 per cent, of moisture. 

The calorific value of coke varies from 6600 to 7600 C.li.U. (11,880 
to 13,680 B.Th.U.). 

/ 92. Liquid Fuel. — For steam raising the liquid fuel almost exclu- 

sively used is obtained from the natural mineral oil petroleum. The 
chief sources of the supply of petroleum are the oil wells of the United 
States of America and Russia, but smaller quantities are also obtained 
from Mexico, Borneo, Rumania, and other countries. 

The crude petroleum as it comes from the well usually contains 
from 83 to 87 per cent, of carbon and from 11 to 14 per cent, of 
hydrogen together with small percentages of oxygen, nitrogen, and 
sulphur. Tts specific gravity varies in general from 0-8 to 0'95, 
and its lower calorific value is about 10,800 C.li.U. (19,440 
B.Th.U.). 

The crude petroleum is a mixture of many hydrocarbons having 
different densities and different boiling points. 

The liquid fuel generally used for steam raising is the residue 
obtained when the crude oil is subjected to partial distillation at 
temperatures up to 300° C. (572° F.). During this partial distillation 
the lighter constituents evaporate at the lower temperatures. Petrol 
or gasolene comes off at temperatures from 70° C. to 80° C. The 
different grades of naphtha come off at temperatures from 80° C. to 
150° C. Paraffin oil or kerosene comes off at temperatures from 150° C. 
to 300° C. At the different temperatures the vapours which come off 
are liquefied as they pass through water-cooled pipe coils. The residue 
or fuel oil has a specific gravity of 088 to 0*94, and a calorific value 
of 10,100 to 10,900 C.H.U. (18,180 to 19,620 B.Th.U.). Its flash point 
is about 150" C. (302° F.). 

The flash 2 >oint of an oil is the temperature at which it begins to 
give off inflammable vapour. The British Admiralty specification for 
Navy oil fuel limits the flash point to 175° F. (about 80° C.). In the 
British Mercantile Marine the minimum flash point is 150° F. (about 
66 °C.). 

In the following table the characteristics of a good steam coal and 
fuel oil are summarized for comparison. 
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' Carbon. per cent. 

Composition . . . Oxygen™ 

N., S., and As 1i ... „ 

Minimum weight, of air for 1 lb. of fuel lb. 

Calorilie value (higher) | l^Th XJ 

Theoretical evaporative power in lb. of water from and 

I at 100° 0. per lb. of fuel . . . . ' 

I Approximate space occupied by 1 ton of fuel . . c. ft. 


( oal 

Oil 

880 

86*5 

4*8 

11*5 

2*4 

1-0 

5-3 

10 

11*5 

140 

8,508 

10,931 

15,314 

19,676 

15*8 

20*3 

44 

39 


93. Burners for Liquid Fuel. — The functions of a burner for liquid 
fuel are to direct the fuel into the furnace and to atomize it, that is, 
to break it up into a fine spray. The atomizing is generally done in 
one of three ways: (a) by steam jet, ( b) by air jet, (c) by delivering 
the oil under high pressure' through a specially designed orifice, the 
oil being led to the orifice through a passage or passages of special 
form. As examples of burners operating in these three different ways 
Ken node’s liquid fuel burners will now be illustrated and described. 

The steam-jut burner is shown in longitudinal section in Fig. 83. 
The oil enters at A and has a whirling motion given to it by the long 
spiral II formed on a prolongation of the spindle C of the valve Y. 



The supply of oil is regulated by the valve V which is operated by the 
hand wheel 1). The steam enters at E and, passing through slots in 
the cylindrical part of the hollow cone F where it fits into the casing H, 
it travels through the annular space between the hollow cone F and 
the interior hollow cone K which surrounds the spiral prolongation of 
the valve spindle. It will be seen that the whole of the oil as it passes 
through the burner is steam -jacketed. At the front end of the burner 
there is a nozzle N which is screwed into the casing H, and between 
this nozzle and the hollow cone F there is an annular passage in which 
are spiral guides. By the inductive action of the steam, the air, which 
eaters through holes L in the casing, is drawn through this annular 
passage. The whirling oil together with the steam and the whirling 
air mix at M where the oil is atomized and the mixture being ignited 
burns with a long flame which projects into the boiler furnace. 
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Tho opening between the front ends of the hollow cones F and K 
is regulated by rotating the nozzle N which carries with it the hollow 
cone F. 

The supply of air is regulated by means of the movable perforated 
ring R which acts exactly as in the ordinary Bunsen burner. 

Since the supplies of oil, steam, and air may be regulated inde- 
pendently the same burner may be used for different powers within 
wide limits. 

The amount of steam used by steam-jet burners is about per 
cent, of the total steam raised by tho liquid fuel passing through them, 
and the heat utilized by the l>oiler is from 70 to 75 per cent, of the 
heat of the fuel. 

An objection to the use of steam for atomizing the liquid fuel on 
board ship is that the steam so used cannot be condensed and returned 
to the boiler, and this means a considerable addition to the feed water 
which has to be made up by the evaporation and condensation of sea 
water. The steam used in the burner also increases tho weight of the 
waste gases and therefore adds to the heat lost in these gases. 

The air-jet burner is shown in longitudinal section in Fig. 84. The 
oil enters at A and its supply to the burner is controlled by the valve 
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Fig. 84. — Kermode’s air-jet liquid fuel burnei. 


V operated by the hand wheel I) on the end of tho valve spindle C. 
The air to be used in the burner is previously heated by passing 
through a heater placed in the hot gases from the boiler. The heated 
air enters the burner by the passages O and P. The portion of the 
air which enters by the passage P mixes with the oil after it has 
passed through the valve V. This oil and air travel on together, the 
oil being rapidly vaporized by the hot air mixing with it. The mixing 
of the air with the oil and the vaporization of the latter are assisted 
by giving them a whirling motion by means of the long spiral B 
which is formed on a prolongation of the valve spindle and contained 
by the tube K. The tube K is surrounded by another tube F, and 
these tubes are provided with racks into which gear the pinions L and 
M as shown. 

" The orifice R through which the hot air and vaporized oil finally 
pass on leaving the burner is formed in the end of an extension N of 
the casing. The hot air which enters by the passage 0 travels to the 
orifice R through the annular space between the casing and the tube F. 
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This annular passage is provided with spiral guides which give a 
whirling motion to the air passing over them. The opening over the 
front end of the tube F, through which the air entering at O has to 
pass before oscaping through the orifice R, is regulated by the pinion M. 
Also the opening between the back end of the tube K and the oil- 
delivering nozzle E is regulated by the pinion L and the air entering 
at P is thus controlled. Combustion commences at the orifice R. 

The air entering the passages 0 and 1* is supplied by an air com- 
pressor at a pressure which generally does not exceed 4 lb. per square 
inch. This air is of course heated after it leaves the compressor. J n 
addition to the compressed air supply there is a further supply of air 
at atmospheric pressure, outside the burner, induced by the draught 
in the furnace. 

Less than 2 per cent, of the steam raised *s required to drive the 
air compressor and if this is afterwards condensed no fresh feed water 
is lost. It is claimed that with this type of burner 84 per cent, of the 
heat of the fuel is utilized in raising steam. 

The pressure-jet burner is shown in longitudinal section in Fig. 85. 
H is the casing, or outer barrel, to a branch of which is coupled the 



Fig. 85. — Kenuodo’s pressuro-jet burner. 


oil pipe A. A tubular piece or inner barrel E is screwed into the 
back end of the casing 11 and locked by tho nut K. A detachable 
piece F, called a spool, forms a continuation of the piece E. A pic- 
torial view of the spool F is shown at (a). For a part of its length F 
is enlarged to lit the interior of the outer barrel II and its front end 
abuts against an orifice plate P which is secured by the cap-nut N as 
shown. In the enlarged part of F there are longitudinal grooves and 
its front end is also grooved. The grooves on the end of F are not 
radial but are tangential to a central circle on it. C is a central 
spindle screwed into tho back end of E. The part of C in front of 
the screw fits the interior of E. On the front end of 0 is formed a 
conical valve V whose seat is on the orifice in the plate P. The 
opening of the valve V is regulated by the hand wheel D, the extent 
of the opening being shown by a fixed pointer L and graduations on 
the circumference of D. 

The oil fuel is pumped to the burner under a pressure which is 
generally about 150 lb. per square inch. Before entering the burner 
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the oil fuel is heated to a temperature of about 95° C. (203° F.) but 
the temperature to which it is heated depends upon the character 
of the fuel used. An oil fuel of an aspimltc base requires more heat-, 
ing than one with a petroleum base. 

Entering the burner at A the oil passes along the annular passage 
between E and R and through the grooves on F to the orifice in P. 
Each burner is provided with a number of spools and orifice plates. 
The grooves on the different spools and the orifice in the corresponding 
orifice plate are made to suit different rates of combustion. 

Fig. 86 shows how the burner is fitted to a boiler furnace and how 
the air for the combustion of the oil is admitted and regulated. A 
cylindrical casing attached to the 
furnace front is provided with 
rectangular openings fitted with 
shutters D. These shutters are 
hinged eccentrically in such a way 
that the air flowing into the furnace 
opens them, but any pressure from 
the inside due, say, to the bursting 
of a boiler tube, automatically 
closes them. The angular opening 
of the shutters is limited and regu- 
lated by adjustable stops E. 

is the burner or atomizer which 
discharges the oil spray through 
the tube B into the furnace. Air 
for the combustion of the fuel enters 
partly through ports at G which 
may be placed more or less opposite 
to similar ports in another tube 
surrounding B. These ports are 
inclined to the radial direction so 
that the air passing through them has a whirling motion given to it, 
while the air entering at the mouth of B travels in a direction parallel 
to the axis of the burner. The position of the tube B in relation 
to the outer tube may be adjusted from the stokehold while the 
burner is in operation. 

With the pressure jet system it is claimed that 83 per cent, of the 
heat value of the fuel used can be utilized in actual work. The steam 
for operating the oil pump and for heating the oil fuel is condensed so 
that there is no loss of feed water. The steam used for these operations 
amounts to less than one per cent, of the steam raised. 



Exercises V 

1. Carbon is burned to carbon dioxide in a furnace, and the amount of air 
supplied is just sufficient for this purpose. Determine : (a) The percentage 
composition of the chimney gases, by weight. ( b ) The percentage composition 
of the chimnoy gases, by volume. (c) The volume of the ^ases, in cubic 
feet, passing up the chimney per pound of carbon burned if their temperature 
is 280° 0. and their pressure 14*6 lb. per square inch. Volume of 1 lb. of 
hydrogen at 0° 0. and 14*7 lb. per square luch e 178*6 cubic feet. 



COMBUSTION AND FUEL 119 

2. Same as exercise 1 except that tho air supply is 50 per cent, greater than 
is necessary for the comploto combustion of tho carbon. 

3. A fuel oil contains 85 per cent, of carbon and 15 per cent, of hydrogen by 
weight. Determine the minimum weight of oxygon and the minimum weight 
of air required for the complete combustion of 1 lb. of this oil. If the air 
actually supplied is 20 per cent, in excess of the minimum required, find the 
percentage composition of the products of combustion by volume, neglecting the 
volume of the condensed water vapour. 

4. The percentage composition of a sample of anthracite was found by 
analysis to bo: 0 90*0, H 3*3, O 30, N 0*8, S 0*9, and ash 2*0. Calculate the 
minimum woight of air for the complete combustion of 1 lb. of this fuel. If 
50 per cent of excess air is supplied find tho percentage composition of the dry 
flue gases by volume. 

5. In the combustion of, say, CH 4 , state exactly tho various meanings ol the 
equation C1I 4 + 20 2 = C0 2 4- 21I 2 0. 

A cubic foot of coal gas contains 0 34 cubic foot of C 2 H 4 . How much oxygen 
and how much air aro needed for the complete combustion of this portion of the 
coal gas? ^ [B.E.J 

6. A gas used in an internal combustion engine had* tho following 

composition by volume : Hydrogen, 45 per cent.; Marsh gas (CH 4 ), 30 per cent.; 
Carbon monoxide, 15 per cent.; Nitrogen, 4 per cent. Find the volume of air 
required for the combustion of 1 cubic foot of the gas. (Oxygen in air is 
21 per cent, by volume.) * [Inst. C.E.J 

7. The volume analysis of a producer gas is : H 14 % ; CH 4 2 % ; CO 22 % ; 

C0 2 5'% ; () 2 % ; N 55 %. Find the air required for the perfect combustion of 
1 cubic foot, of tho gas. If 10 % excess air is supplied, find the volume analysis 
of the dry products. Air* contains O 20 9 %, N 79*1 % by volume. [U.L.] 

8. In a boiler trial the dry coal as burned contained 84 per cent, of carbon 
and 3 per cent, of free hydrogen. The fiuo gas analysis gave 11*5 per cent, of 
carbon dioxide, 8^1 per cent, of oxygen, and 80*1 per cent, of nitrogen. Calculate 
per pound of duv fuel, tho weight of necessary air and the weight of excess air. 

[U.L.] 

9. Jn a boiler trial the following analysis of the flue gases was obtained: 

by volume, carbon dioxide 13 per cent., oxygen G por cent. Kind tho pounds of 
air per pound of coal if the carbon in the coal was 85 per cent. (Air contains 
23 por cent of oxygen by weight.) [Inst. C.E.] 

10. The analysis of the coal in a boilor trial was : C 88 %, H 3*6 %, O 4*8 %, 

other matters 3*G %, and the iluo gas analysis by volume was, C0 2 10*9 %, 
CO l %, O 71 %, N 81 %. Find tho proportion of carbon burned to CO, and 
the air required per pound of fuel for tho combustion as it actually occurred, 
and also tho weight of flue gases per pound of fuol burned. [U.L.] 

11. In a boiler trial the composition of tho dry waste gases (by weight) was 
found to be : N 75*5 %, GO 0*5 %, C0 2 11*5 %, and 0 12*5 %. The composition 
of tlio coal (by weight) was : C 88*4 %, H 3’G %, O 2*6 %, N 0*6 %, S 0*8 %, 
ash 3*2 %, and water 0*8 %. Find the weight of air passing into the furnace 
per lb. of coal and also tho minimum woight of air for complete combustion, c, 

12. Estimate the higher calorific value and evaporative power of 1 lb. of 
petrol whoso composition is: carbon 85 per cent., hydrogen 15 per cent., by 
woight. Wlmt is the minimum woight of air necessary for the complete 
combustion of 1 lb. of this petrol ? If the excess air is 40 por cent, of the 
minimum required for complete combustion, what is the percentage composition 
of tho products of combustion, by weight ? Also, what is the percentage compo- 
sition of tho dry products, by volume ? 

13. Same as oxerciso 12 for 1 lb. of alcohol whose composition is : Carbon 
52 2 per cent., hydrogen 13 por cent., and oxygen 34*8 por cent., by weight. 

14. Calculate the higher and lower calorific values and evaporative powers of 
a coal whose percentage composition is : Carbon 80, hydrogen 5, oxygon 8, 
uitrogen 1*5, sulphur 1*1, and ash 4*4. 

15. A producer gas 1ms the following percentage analysis by volume: 
Hydrogen, 1G ; carbon monoxide, 20 ; carbon dioxide, 6 ; nitrogen, 58. Determine 
(a) its calorific value per c. ft. at standard temperature and pressure ; (5) the 
minimum amount of air for complete combustion ; (c) the volumetric analysis of 
the products if combustion is complete. Calorific value of 1 lb. of carbon 
burning to CO a , 14,500; burning to CO, 4400; of hydrogen, 62,000 B.Th.U. 
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Composition of air by volumo: Oxygen, 21 per cent.: nitrogen, 79 per cent. 
Volume occupied by 2 lb. of hydrogen is 857 c. ft. at standard temperature and 
pressure. [U.L.] 

16. The higJier or true calorific value of olefiant gas (C 2 H 4 ) determined by a 
calorimeter is 12,182 C.H.U. per lb. Calculate the lower calorific value of 
this gas. 

17. Carbon dioxide (C0 2 ), produced in the lower part of a furnace, in passing 
over red-hot carbon higher up is converted into carbon monoxide (CO) as shown 
by the equation C0 2 + C — 2CO. Calculate the chilling action in the part of 
the furnace where the reaction takes place as measured by the loss of heat 
per lb. of CO a . 

18. Calculate the theoretical maximum temperature of combustion of a coal 
at 0° C. whose percentage composition ' is : C, 87-0; II, 4*5; 0, 5*5; ash, 3-0. 
Assume 50 per cent, excess air and that the mean specific heats of the products 
are:— N, 0-27; 0,0-24; CO a , 0-28; ash, 0-23 from 0° C. to t 0 C. ; and steam, 
0’6 from 100° C. to t° C., where t is tho temperature of combustion. 

19. In a marine boiler of tho Scotch type, coal having a calorific value of 
8400 C.H.U. (15,120 B.Th.U.) per lb. is used. The funnel gases weigh 20 lb. 
per lb. of coajL The temperature of the air in the stokehold is 25° C. (77° F.) 
and the temperature of the gases in the uptake is 360° C. (G80° F ). 

Calculate the temperature of the gases at the furnace bridge and at the 
entrance to the tubes on the following assumptions. Mean specific heats of gases 
in uptako, at ontrance to tubes, and at furnace bridge, 0 - 25, 0-20, and 0-27 
respectively. Four-fifths of tho combustion takes placo in the furnaco and tho 
remaining one-fifth in the combustion chamber. Of all the heat given to tho 
boiler, one-third is delivered in the furnace, onc-third in the combustion 
chamber, and one- third in the tubes and smoke-box. 

20. The calorific value of a pound of oil of tho kind used to fire a steam 

boiler is 10,000 C.H.U., and its density is 58 lb. per cubic foot. Tbo calorific 
value of a pound of coal is 8000 C.H.U., and its density is 52 lb. per cubio foot. 
Express in horse-power-hours the energy which can be stored in a ship with 
40,000 cubic feet bunker or tank capacity ; first, if coal only is carried ; secondly, 
if oil only is carried. £13. E. ] 
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STEAM BOILERS 

94. Classification of Boilers. — Steam boilers may in general be 
divided into two main classes. 0) Rollers in which there is an ex- 
ternal shell, generally in whole or in part cylindrical, which contains 
a fire-box or one or more tubes large enough to hold a grate upon 
which the fuel is burned. ^ From the fire-box or furnace tube the 
products of combustion are led through the shell by one or more large 
tubes or by a considerable number of small tubes to a smoke-box or to 
flues outside the shell through which the gn. es pass to the chimney. 
Boilers of this class are sometimes called tank boilers . In boilers of 
this class which contain tubes the water is generally outside the tubes 
while the hot gases arc inside, and from this condition these boilers 
are called smoke-tube boilers. (2) Boilers which' contain or consist 
mainly of a large number of comparatively small tubes through which 
the water circulates, the fire and hot gases being on the outside of 
those tubes. Boilers of this class are called water -tube boilers. 

The principal types belonging to the tank or smoke-tube class are, 
ordinary vertical boilers, Cornish and Lancashire boilers, Scotch marine 
boilers, and boilers of the locomotive type. 

As to the relative numbers of the different typos of steam boilers 
in use Mr. Edward G. Hiller, chief engineer of the National Boiler and 
General Insurance Co., gave some interesting figures in a paper read 
before the Manchester Association of Engineers in January, 1914. 
Mr. Hiller estimated that iu 191ft the proportions of different types of 
boilers in use on land in the United Kingdom were as follows : 

Lancashire boilers . 32*6 per cent. 

Cornish boilers 12*7 „ „ 

Vertical boilers 1 24*3 ,, „ 

Locomotive type boilers 2 18.6 „ „ 

Water-tube boilers 5*3 ,, „ 

Other types of boiler 6*5 ,, ,, 

The above figures were obtained from a classification of the boilers 
insured with the National Boiler and General Insurance Co. 

1 Including vortical multitubular boilers as well as the ordinary vertical boiler 
with internal fire-box with cross tubes. 

* Not including locomotives on the main linos of railways but including 
works shunting locomotives, traction engines, road rollers, steam motor wagons, 
portable locomotives on farms, and fixed locomotive-type boilers. 
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As Mr. Hiller pointed out in his paper, the figures for the water- 
tube boiler probably do not show sufficiently the increasing importance 
of the water-tube boiler as compared with the Lancashire boiler because 
many of th^ newer water-tube boilers which count only as one boiler 
have rated evaporations equal to that of several Lancashire boilers. 

95. Simple Vertical Boilers.— In its simplest form the vertical 
boiler consists of a cylindrical shell AA (Fig. 87) surrounding a nearly 
cylindrical fire-box 15 B in the 
bottom of which is the grate. 

A tube C called the uptake jr \ \ p 

passes from the crown of the b— \ \ 

tire-box to the crown of the f MAN-HOLE \ \ 

shell and on the top of this l 

uptake is placed the chimney. 1 - — 

To increase the heating sur- PX Q 

face, and improve the circu- ^ \ J L 

lation of the water, the fire- - ,35^ ' - j 

box is fitted with one or inoro 5* ~ " /- / : f . 9 jr~H 

cross-tubes FF. These cross- | fe-*— ■’* j II 

tubes aie either flanged and J ! «-»-- *-jj j fl 

riveted to the fire-box as in 1 B fr- 1 — -I j ^ jj II 
Fig.^7 or they are welded | j ====== jj (j 

to it? The cross-tubes are 1 j|p..Y .. ~ .... jj u 

placed slightly inclined to 3 -pJ 

ensure a more efficient cir- fV . : 


-GRATE 

'r= 


Ufire-hole 



culation of the water. There are handholes D in the shell opposite 
to the ends of each cross-tube to give access for cleaning these tubes. 
There should also bo several handholes in the shell at the bottom 
of the water space surrounding the fire-box. 1 

A boiler of the type shown in Fig. 87 having a shell 3 feet 9 inches 
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in diameter and 9 feet high, and having three 9-inch cross-tubes in the 
tire-box, would have a grate area of 8*4 square feet and a heating surface 
of about 80 square feet. 

96. Vertical Multitubular Boilers. — There are numerous designs * 
of vertical multitubular boilers in use. One of the best known designs 
is the Cochran boiler shown in Fig. 88. It will be observed that the 
crowns of the fire-box and external shell are of hemispherical shape 
which, for a given weight of material in the form of plates, gives the 
maximum volume of space enclosed and also maximum strength. 

The hot gases from the fuel pass from the fire-box through the 
short llue-pipe A into the combustion chamlxjr B and from thence 
through numerous horizontal tubes to the smoke-box C from which 
they pass into the chimney D. The combustion chamber B is lined 
with fire-brick on the side next the shell. 

A Cochran boiler having a shell 6 feet 6 inches in diameter and 
14 feet 6 inches high would have a grate area of about 22 square feet 
and a total heating surface of about 500 square feet. This boiler 
would contain 165 tubes 2i inches outside diameter presenting about 
428 square feet of heating* surface, and, constructed for a working 
pressure of 100 lbt per square inch, it would weigh about tons when 
complete with mountings, but without water. 

Vertical boilers have the advantage of taking up a comparatively 
small amount of floor area. 

97. Lancashire and Cornish Boilers.— The Lancashire boiler has a 
cylindrical shell usually from 6 feet to 9 feet in diameter and from 24 
feet to 30 feet long. Modern Lancashire boilers are commonly 8 feet 
in diameter and 30 feet long. The shell is traversed internally by two 
flue tubes containing, at their front ends, the furnaces. This type of 
boiler is set in brickwork forming external flues so that part of the 
heating surface is on the external shell. 

The Cornish boiler differs from the Lancashire in having only one 
internal flue tube instead of two and in being generally of smaller 
dimensions. The shell of the Cornish boiler is usually from 4 feet to 
6 feet in diameter and its length from 14 feet to 2 4 feet. The Cornish 
boiler has a brickwork setting similar to that of the Lancashire boiler. 

The main features of the Lancashire boiler and its brickwork setting 
are shown in Figs. 89 and 90. AB is the external shell traversed by 
the two internal flue tubes CD. The main parts of these flues ar% 
made as large in diameter as possible in order to get in grates of 
sufficient area and of minimum length, but at the back ends they are 
reduced in diameter to provide access to the lower part of the boiler 
and also to allow room for the joint between the back end plate and 
the cylindrical shell being placed inside, the corresponding joint at the 
front end being on the outside of the shell. 

At the back of the grate is the fire bridge E. The hot gases pass 
from the furnaces over the fire bridges and along the internal flues to 
the back of the boiler where they dip into the bottom flue F which 
they traverse to near the front of the boiler where they divide and 
pass up into the side flues H. Passing along the side flues, tho hot 
gases enter the main flue K which leads them to the chimney. The 
main flue shown serves a number of boilers placed side by side. By 
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operating dampers. L, placed at the back ends of the side flues, the 
draught may be regulated. These dampers are operated by chains J 



Fig. 89. --Lancashire boiler. 


which pass over pulleys to the front of the boiler. In Fig. 90 the right 
hand half is a section through the passago between the bottom flue and 
the right hand side flue. , 

The various external flues are lined with fl re-bricks and the boiler 
rests on fire-clay seating blocks. Tho bearing surface of the seating 
blocks on the boiler shell should not be more than 4 inches wide for 
the largest size of boiler. 

The various details of construction are fully dealt with in the next 
chapter while the mountings and accessories are described in Chapters 
VIII and IX, but the positions of various 
details in Figs. 89 and 90 and not fully 
shown there may be indicated here. The 
flat ends of the shell are supported by the 
gusset stays G. At P is the steam collecting 
pipe which communicates with the stop 
valve which is mounted on tho stand pipe Q. 

The low- water alarm apparatus is at R and 
over it is mounted a combined high-steam 
and low- water safety valve. A safety valve 
is also mounted on the stand pipe S. The 
manhole is at T. The feed valve U is placed 
at the end of an internal pipe not shown, 
and elbow pipe. 

Air spaces are shown at the back of the fire-brick lining in the 
longitudinal walls in Figs. 89 and 90, These air spaces tend to 
prevent the cracking of the brickwork due to the expansion of the 
walls next to the flues. They also reduce the loss of heat conducted 



Fig. 90. — Lancashire boiler. 


W is the blow-off cock 
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through the walls. Investigations by the U.S. Geological Survey 
have however shown that the air spaces are much more effective in 
this respect if they are loosely packed with insulating material such as 
ash or crushed brick. This packing in the air spaces also reduces the 
leakage of air through the walls into the flues. 

98. Marine Boilers — Scotch Type. — The Scotch type of marine 
boiler is the one nearly always ,usod in the mercantile marine. This 
typo of boiler has a cylindrical shell with flat ends. It is provided 
with furnaces, combustion chambers, and numerous tubes through 
which the furnace gases pass to the smoke-box. It is self contained 
in that it requires no brickwork setting, tliere being no external flues. 
The boiler may be single- or double-ended. The single-ended boiler 
lias furnaces in one end only while the double-ended boiler lias furnaces 
in both ends. Boilers of this type are made as small as 8 feet in 
diameter while the largest are nearly 18 feet in diameter. The number 



of furnaces in one end varies from one to four according to the 
diameter of the furnaco and the diameter of the shell. 

Fig. 91 shows a single-ended boiler having four furnaces. Each 
furnace F, generally corrugated, extends from the front end to a com- 
bustion chamber C from which a large number of tubes lead the furnace 
gases into the smoke- box B at the front end from which the gases pass 
through the uptake A to the funnel. The smoke-box is provided with 
doors D which give access to it for the purpose of cleaning the tubes 
and the smoke-box. 

The boiler is made entirely of steel, except the tubes and the screwed 
stays which are generally of wrougbt-iron. The tubes are generally 2J 
inches in external diameter and from 7 feet 6 inches to 8 feet 3 inches 
long. The flat ends of the boiler above the tubes are supported by the 
bar stays 8 and the tubes support the tube plates, a number of the 
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tubes being specially designed to act as stays. The sides and backs 
of the combustion chambers are supported by the screwed stays T, 
while their crowns have girder stays G. The internal diameter of the 
furnace tube is generally from 3 feet to 3 feet 9 inches. Further 
particulars and illustrations of the various details are given in 
Chapter VII. 

The two types of double-ended boiler are shown in Figs. 92 and 93. 
In one type ( Fig. 92) each furnace has its own separate combustion 
chamber while in the other (Fig. 93) there is a common combustion 
chamber for each pair of opposite furnaces. 

A single-ended boiler is shown in greater detail in Fig. 94. This 
boiler has a mean diameter of 16 ft. 6 in. 

The following particulars of one of the twenty-one double-ended 
boilers of the Cunard liner Aquitania are of interest. 1 All of these 



twenty-one boilers are exactly alike. Kadi boiler has eight furnaces 
each with its own separate combustion chamber. Mean diameter of 
shell, 17 ft. 8 in., and mean length, 22 ft. Internal diameter of 
furnaces (Morison type), 3 ft. 9 in. Length of fire-grate, 5 ft. 6 in. 
Grate area, 168*7 sq. ft. Furnace heating surface 405*6 sq. ft. Com 
bustion chamber heating surface, 714*6 sq. ft. Tube heating surface, 
5479*6 sq. ft. Total heating surface, 6599 8 sq. ft. Flue area through 
tubes, 25*12 sq. ft. Ratio of total heating surface to grate area, 39*1 
to 1. Ratio of grate area to Hue area through tubes, 6*71 to 1. 
Volume of steam space, 1231*7 c. ft. Working steam pressure, 1951b. 
per sq. in. 

99. Locomotive Boilers. — The loads which locomotives have to 
haul have increased greatly in recent years, so also have the speeds, 
and this has of course necessitated increased dimensions in the boilers 
and higher working pressures and it is also increasingly common to 
add a superheater. A good example of a recently constructed loco- 
motive boiler for a tank locomotive, dealing with heavy traffic on the 
Great Central Railway, is shown in Fig. 95 and was designed by Mr. 
John G. Robinson, chief mechanical engineer of that railway. 

The coal is introduced through the fire-hole F which is provided 
with a door not shown. It will be seen that the grate slopes down- 
wards towards the front. Over the front part of the grate there is a 

1 For illustrations and further particulars of thes$ boilers see Engineering % 
May 22, 1914. 
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Fig 94. — Single-ended marine boiler (Scotch type). 
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fire-brick arch A which deflects the products of combustion, causing 
them to come in contact more thoroughly with the whole heating 
surface of the fire-box bofore passing through the tubes which are 
contained by the barrel . The tubes are expanded at their ends into 
the front and back tube plates. There are 157 ordinary tubes 
1| inches in diameter and 24 tubes oj inches in diameter which contain 
the superheater elements. After passing through the tubes the 
products of combustion enter the smoke-box from which they pass 
to the atmosphere through the chimney C. 

The draught is produced by the exhaust steam from the cylinders 
which is discharged through the blast pipe P to the chimney. A 
blower is also provided for use when necessary when the steam supply 
to the engine is shut off. This blower, which is not shown in Fig. 95, 
consists of a perforated hollow ring which is placed round the mouth 
of the blast pipe and is supplied with steam direct from the boiler. The 
stop valve, called the regulator in locomotive practice, is placed in* the 
dome and is operated from the cab through the rod R. 

The steam pipe S leads the steam from the regulator to the 
saturated steam chamber of the header H of the superheater and after 
passing through the superheater tubes it returns to the header H, 
entering the superheated steam chamber from which it is lead to the 
cylinders through the pipes Q, pne to each cylinder. 

The safety valves, of Which there are four, are 4 inches in diameter 
and they are mounted on the boiler at Y. The steam whistle is 
mounted at W. At the front and back of the ash-pan there are* 
dampers D operated through rods and levers from the cab. A circular 
door O gives access to the smoke-box. 

The shell surrounding the tire-box is separated from it at the sides 
and back, and also at the front below the barrel, by narrow water 
spaces. The walls of these water spaces are supported by numerous 
screwed stays. The tube. plates are stayed within the field of the tubes 
by the tubes themselves. The front tube plate above the tubes is tied 
to the back plate of the shell by long bar stays R. 

The crown of the. fire-box and the roof of the shell above it, which 
are both flat, are supported by bar stays as in another example shown 
in greater detail in Fig. 96, which represents recent practice on the 
Midland Railway. 1 

The fire-boxes in Figs. 95 and 96 are of what is known as the 
Belpaire type now generally used in .large locomotive boilers. In this 
type of fire-box the crown is flat and so is the roof of the shell above 
it. The Belpaire type of fire-box gives a greater area of water surface 
and a greater steam space over the fire-box crown where the heating 
surface is most effective and it simplifies the direct staying of the 
scrown. 

Referring to Fig. 96, this represents the fire-box of a boiler for 
a compound locomotive. The working pressure is 220 lb. per square 
inch. The mean diameter of the barrel is 4 ft. 7^ in. and the length 
between the tube plates is 12 ft. 3| in. There are 148 ordinary tubes 
If inches outside diameter and 21 tubes 5 inches outside diameter to 

1 Fig. 96 has been prepared from a working drawing kindly supplied by Sir 
Henry Fowler, chief mechanical engineer of the Midland Bailway. 
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take the superheater elements. All the tubes are of steel and are 
solid drawn; they are reduced in diameter at the fire-box end and 
enlarged at the smoke-box end. 

At (a) is shown a separate elevation and plan of the stiffener J and 
stay-rod Ti At (b) is shown, to a larger scale, part of the fire-box end 
of one of the larger tubes. It will be seen that this end of the tube. is 
beaded over and that there are four shallow grooves into which the 
metal of the tube is forced by the tube expander. 

"100. Some Features of American Locomotive Boilers. — The fire- 
box sheets of American locomotive boilers are almost invariably made 
of mild steel. It is a common practice to support the fire-brick arch 
on tubes as shown in Fig. 97, where A is the brickwork and W the 



tubes. These tubes are 3 inches in diameter and are expanded into the 
front and back sheets of the fire-box and beaded over. They are 
placed at intervals of about a foot and they not only add effective 
heating surface but they greatly promote the circulation of the water. 
There are openings in the shell opposite to the ends of the tubes W, 
closed by suitable covers, so that they may be cleaned internally when 
necessary. In Fig. 97 the portion B of the barrel next to the fire-box 
is conical. From this feature the boiler is said to have a wagon top. 

The average American locomotive boiler is larger than the average 
of British practice and thero are on American railroads many boilers 
of enormous size. The following particulars of the boiler of a com- 
pound articulated locomotive constructed by the Baldwin Locomotive 
Works for the Erie Railroad illustrate the great developments, as 
regards dimensions, which have been made in American locomotive 
practice. 1 

The smallest diameter of the barrel is 7 ft. 10 in. The length 
1 See Engineering , Nov. 18, Nov. 20, Deo. 4, and Dec. 18, 1914. 
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between the tube plates is 24 feet. There are 326 tubes 2J inches 
in diameter and 53 tubes inches in diameter which contain the 
elements of a Schmidt superheater. The grate is 10 feet long and 
9 feet wide and has therefore an area of 90 square feet. Such a large 
grate is only possible by using a mechanical stoker. 

An extension of the fire-box 4 ft. 6 in. long enters the barrel and 
forms an additional combustion chamber. The front of this extension 
forms the back tube-plate. There are six tubes extending from the 
bottom of the combustion chamber just mentioned to near the top of 
the back plate of the fire-box. These tubes carry the fire-brick arch. 
At the front end of the grate there is a vertical fire-brick wall which 
joins the brick arch at its front end. 

The heating surface is made up as follows : Tubes in barrel, 
6418 sq. ft. Arch tubes in fire-box, £8 sq. ft. Fire-box and com- 
bustion chamber, 380 sq. ft. Total, 6086 sq. ft. In addition the 
superheater presents a heating surface of 1 584 sq. ft. 

The working pressure is 210 lb. per square inch. There is an 
exhaust steam feedwater heater having 43G sq. ft. of heating surface. 
The boiler can be fed either by injectors or by feed pumps or by both. 
There are two injectors and two pumps. 

101. Water-Tube Boilers.- -The feature which distinguishes water- 
tube boilers from other multi tubular boilers is that in the former the 
water circulates through the tul>es, the hot gases being outside, while 
in the latter the hot gases flow through the tubes, the water being 
outside and contained by the boiler shell. 

The water- tube boiler holds a comparatively small quantity of 
water, and steam may therefore be raised more rapidly than is possible 
with a boiler of large water capacity. Since the heat energy stored in 
a given volume of hot water is many times that stored in the same 
volume of steam at the steam temperature the energy stored in a 
boiler practically depends on the amount of water in it. Hence a 
boiler of small water capacity has a small leserve of energy. Also 
a temporary failure in the feed arrangements is more serious in a boiler 
of small water capacity than in one holding a large quantity of 
water. 

The largest part of a water-tube boiler is the steam drum and this 
is much smaller than the shell of a tank boiler of the same power. 
The water-tube boiler is therefore simpler to transport when it is not 
convenient to transport it already built up. 

For a given power the water-tube boiler occupies a smaller floor 
area than a tank boiler. 

Owing to the absence of a large shell under pressure the water- 
tube boiler can be constructed to work at very high pressure without 
excessive thickness of metal. 

Some interesting figures relating to the weights of cylindrical and 
water-tube Boilers for marine purposes wore given by Mr. E. M. 
Hpeakman in a paper on “ The wider adoption and standardization of 
water-tube boilers,” read before the Institution of Engineers and 
Shipbuilders in Scotland m Feb., 1912. The weight of steam produced, 
in lb. from and at 100° 0. (212° F.), per ton of boiler room installation, 
■" with piping, pumps, and all accessories, might be taken as follows : — 
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For cylindrical boilers 150 to 200 

For Babcock and Wilcox boilers (water-tube) . . 450 

For Yarrow boilers (water- tube) 490 


102. Babcock and Wilcox Water-Tube Boiler. — The land type of 




Pig. OS Babcock and Wilcox boiler (laud tvpc). 


the Babcock and Wilcox boiler is illustrated by Fig. 9S. The straight, 
solid drawn steel tubes A, 4 inches in diameter, which are inclined to 
the horizontal, connect the uptake 
headers B with the down take headers 
C. The steam and water drum E is 
connected at the front end to the uptake 
headers by short tubes and at the back 
end to the downtake headers by longer 
tubes as shown. 

The tubular part of tlie boiler is 
made up of vertical sections, each con- 
sisting of a number of tubes and two 
headers, one at the front and the other 
at the back end. One of theso headers 
is shown in detail in Fig. 99 from which 
it will be seen that the headers have 
a sinuous form when viewed in the 
direction of the tubes A, a form which Fig, 99. 

enables the tubes of a section to be stag- 
gered so that in the assembled tubular sections the tubes in one ljfcw 
are, «ver the spaces between the tubes in the row below. The headers 
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are provided with handholes placed opposite to the ends of the tubes 
A to permit of the cleaning or removal of those tubes when necessary. 
Each handhole is covered by a stamped steel cap D, which is secured 
by a stamped steel clamp and steel bolt and cap-nut as shown. The 
clamp is long enough to bridge over the handhole and narrow enough 
to pass through it. All the tubes are solid drawn steel tubes and 
they are expanded into bored holes in the headers. 

The uptake and downtake tubes between the headers and the steam 
and water drums are connected to the latter through forged steel cross 
boxes which are riveted 
to the underside of the 
drum, one at each end. 

A perspective sketch of 
one of these cross boxes, 
which is pressed out of a 
single plate without weld 
or seam of any kind, is 
shown in Fig. 100. 

Each downtake 
header is joined at its 
bottom end to a mud box F into which any matter held in suspension 
in the water is, to a large extent, precipitated by reason of its greater 
specific gravity. 

The boiler is fitted with the usual mountings, comprising, main 
stop valve G, safety valve H, feed valve K, blow-ofF valvo L, water 
gauge M, and steam pressure gaugo N. 

The entire boiler, with the exception of the furnace, is suspended 
by wrought steel slings from wrought steel girders resting on wrought 
steel columns, so that the boiler can expand or contract freely without 
straining the brickwork which encloses the boiler and furnace. The 
brickwork casing is lined with firebrick. 

The furnace is arranged below the tubes, and fire-brick baffles 0 
compel the hot gases to pass upwards, then downwards, then upwards 
again before escaping to the ohimhey.* The damper P, for regulating 
t^e draught, is placed in the back chamber. Doors R giving access to 
the interior for cleaning the tubes and removing soot are placed in the 
brickwork on one side. * 

The water circulates through the inclined tubes A into the uptake 
headers B then upwards into the drum E where any st(*ani which has 
formed separates from the water. The water remaining moves to the 
back end of the drum and descends by the tubes at the back into the 
downtake headers C and back again into the inclined tubes A, 
continuing its former course until it is evaporated. 

The steam superheater, which, if installed, forms an integral part 
of the boiler, consists of a number of solid drawn steel tubes V, bent 
as shown, and expanded at *each end into wrought steel boxes 
U and W. 

From the illustration (Fig. 98) it will be seen that the steam is 
taken from the drum E through the dry pipe S and the inlet tubes T 
into the superheater box U from which the steam passes through the 
tubes V into the lower box W. During its passage through the tubes 
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Y the steam is superheated and is then taken from the lower box W 
through the outlet pipes X and the outlet cross pipe Y to the stop 
valve G. 

When steam is being raised from a cold boiler an arrangement is 
provided for flooding the superheater. This consists of a connexion 
with the water space of the boiler and two cocks. By opening the 
larger of these cocks water is admitted to the superheater and fills it 
to the boiler water level. Any steam formed while the superheater is 
flooded is delivered to the drum E. When steam is raised to working 
pressure, and before opening the boiler on to the steam range, the 
largo cock is closed and the small one opened, and tho water flooding 
the superheater is drained away, a sight glass being provided to show 
when the draining is completed. 

The boiler shown in Fig. 08 is provided with the Babcock and 
Wilcox mechanical chain grate stoker /. 

The marine type of the Babcock and Wilcox boiler is shown in 
Fig. 101. The mam features of this type of the Babcock and Wilcox 
boiler are similar to those of the land typo. The principal differences 
are: (1) The steam and waiter drum is placed transversely in the 
marine type instead of longitudinally. (2) The main tubes slope 
upwards from the front instead of downwards. (3) The circulation 
of the water in the inclined tubes is from llic front of the boiler to the 
back and the uptake headers are therefore at the back and the down- 
take headers arc at the front Also, the mud or sediment box is at 
the front instead of being at the back. (1) The tubes connecting the 
uptake headers to tho drum are horizontal instead of being nearly 
vertical. (5) The drum in the marine boiler is fitted with baffle 
plates G against which the steam and water entering the drum 
through the tubes C from the uptake headers impinge. This causes 
the water to be thrown downwards while the steam separates and 
passes round the ends of the bailie plates into tlie steam space of the 
drum. The drum is also fitted with wash plates which prevent undue 
movement of the water in the drum when tlie ship is rolling. (6) The 
cap for closing the handholes opposite to the tubes in the headers is 
placed inside tho headers instead of outside, and the handholes are 
therefore made of oval form instead of circular Also, the joints 
between the caps and the headers are not metal to metal as in the land 
boilers but asbestos wire woven gaskets are introduced to make the 
joints tight. 

The location ot tho drum at the front of the boiler makes all 
valves and fittings accessible and tends to shorten steam pipe con- 
nections. 

The furnace is either built, of ordinary fire-bricks carefully fitted 
together, or of light fire-tiles, which are bolted to tho side plates by a 
special arrangement. The whole boiler is encased in a special arrange- 
ment of plating fitted with fire-refractory material, which is so 
effective in preventing radiation of heat that the outside of the 
casing is kept cool. 

Up to the present mechanical stokers have only been applied to a 
very small number of marine boilers, but the marine type of the 
Babcock and Wilcox boiler is often used on land in conjunction 
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with mechanical stokers of the Babcock and Wilcox chain grate 
type. 

103. Stirling Water-Tube Boiler. — The following description is 
based on particulars kindly* supplied by the Stirling Boiler Co. and 



A. Steam and water drum. 

B. Water tubes. 

C. Return tubes. 

1>. Headers. 

E. Handhole fittings. 

F. Bailies. 

G. Baffle plate. 

H. Dry steam pipe. 

K. Tube doors. 

L. Grate 


M. Fire doors. 

N. Ash doors. 

O. Ash pan. 

P. Mud box. 

R. Water gauge. 

S. Safety valves. 

T. Feed valve. 

V. Feed nozzle. 

W. t Soot cleaning doors. 

X. Main stoam stop valve. 


FiG. 101. Babcock and Wilcox boiler (marine type). 


the illustration (Kig. 102) has been prepared from a working drawing 
also supplied by them. 

There a re three standard designs of Stirling boiler. In very small 
gizgs the boilers have two steam drums and one mud drum in 
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Fig. 102.— Stirling water-tube boiler. 
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intermediate sizes there are three steam drums and one mud drum : 
boilers having from 1000 to 10,000 square feet of heating surface have 
three steam drums and tsvo mud drums. 

The boiler illustrated by Fig. 102 has three steam drums A, and 
two mud drums B. The steam drums are supported by brackets 
carried on steel beams C which in turn rest on steel columns. These 
columns are built entirely independent of the brickwork, which may 
be removed or replaced without disturbing the boiler or its con- 
nections. The brick setting only serves the purpose of a housing to 
confine the heat and to provide a furnace space. 

The mud drums are suspended from the steam drums by four banks 
of tubes D, and, not being in contact with the brick-work, are free to 
accommodate themselves to any movement due to expansion or con- 
traction. Between the first and second steam drums there are water- 
connecting tubes E and between the mud drums there are similar 
tubes F. The steam spaces of the three steam drums are connected 
by tubes H. Fire-brick baffle tiles K arranged between the banks 
of tubes direct the gases into their proper course as shown by the 
arrows. 

The steam drums in the small boilers are 3 feet in diameter and in 
the large boilers 4 feet in diameter. The mud drums in the smallest 
boilers are 2 feet 6 inches in diameter, and in all boilers having over 
450 square feet of heating surface they are 3 feet in diameter. The 
ends of the drums are dished and flanged and each drum has a man- 
hole. M in one end. 

All the tubes are of mild steel solid drawn and they have a 
diameter of inches. They are all expanded into drilled holes in 
the drums which they enter radially. The curvature given to the 
tubes allows of free expansion of the boiler when at w’ork. 

A fire-brick arch L is sprung over the grate immediately in front 
of the first bank of tubes, and the large triangular space abovo this 
arch between the boiler front and the first hank of tubes is available 
as a combustion chamber. The arch absorbs heat from the lire, be- 
coming an incandescent radiating* body which beats the air required 
for combustion, ignites the gases distilled from the coal, and prevents 
the chilling of the boiler by an inrush of cold air when the furnace 
door is opened. 

The feed water entering the rear steam drum through the feed 
check valve V passes into the feed distribution box X which extends 
the whole length of the drum. By means of this box X the feed 
water is distributed over the whole width of the boiler, each tube 
receiving its proper proportion of feed water. The feed water passes 
down tho rear bank of tubes, up the third bank, down the second and 
up the front bank into the front steam drum. Here tho steam formed 
during the passage up the tubes disengages and passes through the upper 
or steam circulating tubes into the middle drum, while the unevaporated 
water passes through the lower or w r ater circulating tubes into the 
middie drum. This water again joins the main circulation, passing 
down the second bank of tubes and up the front bank, continuing its 
former course until it is Anally evaporated. 

The gases flow in the opposite direction to that of the feed water. 
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After combustion takes place, in the furnace, the gases pass up the 
front bank of tubes, down the second bank, up the third, and down 
the rear to the chimney. 

Jn the middle of the length of the middle steam drum a compart- 
ment O is formed from which the steam is taken to the superheater, 
hteam formed or collected in the front steam drum has to pass to the 
middle steam drum and then into the rear steam drum before it reaches 
the compartment O. Also strain formed or collected in the middle 
steam drum has to pass to the rear steam drum before it reaches the 



Fiu. 103.— Yarrow water-tube boiler. 


compartment O. The steam is led from 0 by the pipe P to one end 
of the top 1x>x R of the superheater. The top box R is connected to * 
the bottom box S of the superheater by tubes bent zigzag as shown. 
There is a .partition in the middle of the length of the box R and the 
steam entering li from O fills one-half of R and passes to S by way of 
one half of the superheater tubes, returning from S to the other half 
of R by way of the other half of tho superheater tubes and then into 
the pipe leading to the stop-valve. 

Opposite the middle of each bank of tubes there is a door in the 
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side wall, called a sooting door, through which a jet of steam from a 
steam hose can bo introduced to clean the outside of the tubes. There 
are also other doors shown which give access for cleaning, inspection, 
and repairs. 

104. Yarrow Water-Tube Boiler. — A half front elevation and a 
half transverse section of the Yarrow wator-tube boiler are given in 
Fig. 103. This boiler is extensively used in warships of all sizes. 
The main parts of this boiler are : the water pockets W, the steam 
drum S, and the tubes connecting the former with the latter. For- 
merly all the tubes were quite straight but it is now common to give 
a slight curvature to the first two rows on the fire side as shown in 
Fig. 103. This curvature gives the tubes a slight flexibility and tends 
to maintain their tightness in the tube plates. 

In the boilers for large ships the tubes are generally lj[ inches in 
diameter and in the boilers for torpedo boats and other small craft 
they are generally l inch or 1-}- inches in diameter. 

A compartment M is formed in each water pocket. The feed water 
is delivered into these compartments which compel the water first to 
traverse the outer two or three rows of tubes which then act as feed 
water heaters. Longitudinal division plates P ensure the mixing of 
the feed water with the bulk of the water in the steam drum after 
passing through the feed-heater tubes. 

At a meeting of the Institution of Naval Architects Mr. Yarrow 
described the method of replacing tubes in his boiler as follows. 



Fin. 104. Fig. 105. Fm. 100. Fig. 107. 


Referring to Figs. 104 to 107 it will be seen that a tube can be passed 
along from hole to hole very readily to any part of the tube plate. 
The top end of the tube is passed iut-o the first of the holes A in the 
steam drum (Fig. 104), it is then passed down into and through the 
first hole B in the water pocket (Pig. 105), then up again into the next 
hole C (Fig. 106) in the steam drum, then brought down again into 
the next hole I) in the lower tube plate (Fig. 107), and so on into 
further. holes if necessary. The tube can be, as it were, stepped from 
hole to hole, without any difficulty whatever, to any required spot. 
By reversing the action any tube can be taken out, removing in the 
first instance the tubes which are in front of ic. 

105. White-Forster Water-Tube Boiler. — The main features of the 
White-Forster water-tube boiler are similar to those of the Yarrow 
boiler, but it will be seen by reference to Fig. 108 that the tubes are 
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all curved. All the tubes have the same curvature and this ourvaturo 
is sufficient to determine the direction of movement due to expansion 
and prevents distortion when the rate of working is high. The tubes 
are arranged in position in a transverse section, like the staves in a 
section of a barrel, and the continuation of the line of curvature of 
each tube, passing through the steam drum in line with the end man- 
hole, allows each tube to be inserted or withdrawn through this 
manhole, so that it is possible to withdraw any tube without disturb- 
ing any of the others. As all tubes have the same curvature they 
can be readily cleaned internally by a tube brush having a rigid 
handle curved to the same radius as shown at T. 

The boiler and its casing are constructed entirely of mild steel. 
Large downtako tubes R are fitted at one end. Bailies R are fitted 
to divide the uptake into two or more compartments in such a manner 
that the gases are directed equally over the whole tube surface and at 
right angles to it. Air holes A are arranged at the sides and ends 
for the admission of air above the grate. Doors C for soot cleaning, 
doors D for tube cleaning, and sight holes S are fitted. 

Like the Yarrow boiler the White- Forster boiler is largely used 
in warships, especially in torpedo boats, torpedo boat destroyers, and 
vessels of light draught where lightness, combined with high power, 
is important. 

106. The Bonecourt Surface Combustion Boiler. —If a combustible 
gas, mixed with sufficient air for its complete combustion, be directed 
against a suitable porous material, which has been heated to incan- 
descence, it is found that the gas burns without flame at the surface of 
the porous material, and a very high temperature is produced. The 
combustion in this case is called surf an* combustion. The phenomenon 
of surface combustion was first discovered by Hir Humphrey Davy in 
1817, but its successful application to industrial purposes is mainly the 
result of the investigations of Professo: W. A. Rone which began in 
1002. In the practical applications of surface combustion Professor 
Rone has been associated with Mr. C. D. McCourt and their steam 
boiler, now to be described, is known as the Bonecourt surface com- 
bustion boiler. 

The plant illustrated by Fig. 1 09 comprises a boiler, a feed water 
heater, a fan to produce the necessary draught, and an electric motor 
to drive the fan. At (a) is shown, to a larger scale, the front end of 
one of the boiler tubes and details connected with it. 

The boiler shell which is cylindrical and 3 feet to 4 foot long is 
traversed by a considerable number of boiler tubes which contain, at 
their front ends, fireclay plugs P, each of which has a central hole 
for the admission of a combustible mixture of gas and air. The boiler 
tubes are packed with granular or fragmentary refractory material 
such as crushed fire-brick which will pass a l -inch mesh but be rejected 
by a ^-inch mesh. The refractory material is kept in the tubes at the 
back ends by grids. 

Attached to the front of the boiler there is a gas-box to which 
the combustible gas is admitted under suitable pressure, which in the 
case of coal gas is 2 inches water gauge, the supply being regulated 
by the valve shown. Openings are provided in the gas-box through 
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which puss short mixing tubes M which are joined by reducing sockets 
to smaller tubes R which enter the fireclay plugs in the boiler tubes. 
Opposite the outer end of each of the mixing tubes is a nozzle N 
supplied with gas from the gas-box and controlled by a valve as shown 
more clearly at (a). In the general view in Fig. 109 only two of these 
nozzles with their valves are shown. Any number of the boiler tubes 
may be put out of action by closing the valves of the nozzles which 
feed them with gas, and by screwing iron caps over the front ends of 
their mixing tubes to prevent the cold air being drawn through them. 

The smoke-box at the back end of the boiler is provided with doors, 
not shown in Fig. 109, to give access to the boiler tubes for the purpose 
of charging them with refractory material. 

The products of combustion pass from the smoke-box to the feod- 



Fig. 100. — Bonccourt surfaco combustion boiler. 


water heater, which is of cylindrical form and contains tubes charged 
with refractory material similarly to the boiler tubes. The products 
of combustion pass through the tubes of the feed-water heater into a 
conical duct which leads them to the fan which delivers them into the 
chimney. The conical duct between the heater and the fan may be 
removed to give access to the tubes of the heater for the purpose of 
charging them with refractory material. 

Owing to the low temperature to which the products of combustion 
are cooled in passing through the tubes of the feed-water heater, con- 
densation of water vapour may take place. The resulting water is 
drained oil by the pipes CO which dip into water seals and which are 
of such length that air will not be drawn up through them by the 
draught produced by the fan. The cold feed-water enters the heater 
at A and leaves it at B. 

The^fiixing tubes M a^e of such length and cross section as to 
cause the combustible gas and the air drawn into them uuder the 
action of the fan to mix completely before entering the boiler tubes. 
The smaller tubes R connected to the mixing tubes M are of such a 
cross section as to cause the homogeneous and explosive mixture of gas 
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and air to be drawn through them at a speed considerably in excess of 
the speed of back firing of the mixture, so that no combustion of the 
explosive mixture can take place before it reaches the granular bed of 
material in the boiler tubes. 

With the arrangements described, and when employing coal gas, 
the inventors have found that the tubes R may conveniently be of 
l-inch bore and about 3^ inches long, whilo the tubes M may be of 
1-inch bore and about 8 inches long. With these dimensions a suction 
at the fan amounting to 15 inches of water is suitable. An important 
function of the fireclay plugs P is to protect the joints of the boiler 
tubes and front tube plate from overheating. 

In starting up the boiler the fan is tirst set going and the gas 
turned on and ignited at each nozzle N so that the resulting flames 
extend through the mixing tubes M on to the granular material at 
the front ends of the boiler tubes. As soou as the granular material 
near the fireclay plugs P becomes sufficiently incandescent each gas jet 
N is turned off and then immediately turned on again with the object 
of extinguishing the flames and of causing a mixture of gas with air 
sufficient for its complete combustion to be drawn on to the incan- 
descent granular material in the boiler tubes where the combustion 
dow takes place. 

Tests of the Ronecourt boiler and feed-water heater of the type 
described have shown an efficiency of over 90 per cent, after deducting 
the power required by the fan. This high efiiciency is mainly due to. 
the complete combustion of the fuel with a minimum of excess of air 
and to a low temperature of the chimney gases, about 95"* C. (203° K). 

An equivalent evaporation as high as 35 lb. of water from and at 
100° C. per square foot of boiler tube heating surface has been obtained 
in this boiler. 
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107. Riveted Joints in Boiler Shells.— In good boiler work the 
edges of the plates are planed, generally to a slight bevel .as shown in 
Pig. 110, which also shows the difference botween caulkihg A and 
fullering B, operations on riveted joints to ensure steam tightness. 
Of these two operations fullering is preferable to caulking. 



Fig. 110. Fiq. 111. Fig. 112. Fig. 113. 


The joints for the circumferential seams are nearly always lap 
joints, single, double, or treble riveted, as shown in Figs. Ill, 112, 
and 113. 

All holes for rivets arc drilled after the plates are bent and put 
together. 

For the longitudinal seams butt joints with cover or butt straps 
outside and inside are used. Fig. 114 shows a double riveted butt 



Fig. 114. Fig. 115. Fig. 116. Fig. 1L7. 


joint with two cover straps for a longitudinal seam. This illustration 
also shows the intersection of a longitudinal joint with a circumferential 
joint. It will be seen that the outer butt strap is thinned down at 
the end where it is tucked under the next ring plate which has a 
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corresponding recess phi nod in it, an arrangement adopted to secure 
steam tightness at the intersection of the two joints. 

The treble riveted butt joint shown in Fig. 1 If) is a very common 
ono for the longitudinal seams of large boiler shells with high steam 
pressures. In this joint the rivets in the outer rows have twice the 
pitch of those in the other rows. This wide pitch of the rivets 
adjacent to the edges of the butt straps tends to prevent close contact 
. between the butt straps and the shell at the middle of the spaces 
between these rivets, and caulking or fullering may not be effective in 
making a steam-tight joint. By making the outer butt strap 
narrower, as shown in Fig. 116, the joint may be efficiently caulked or 
fullered on the outside. Scolloping the edges of the butt straps as 
shown in Fig. 117 is another way of getting over the difficulty con- 
nected with a wide rivet pitch. This scolloping brings the caulking 
edges of the butt straps nearer to the rivets. 

The principal ways of connecting the end plates to the cylindrical 
shell are shown in Figs. 118 to 121, whore E is the end plate and S 



Fig. 118 . Fig. 119 . Fig. 120 . Fig. 121 . 


the shell plate. The arrangement shown in Fig. 1 1 8 is largely used 
for the front ends of Cornish and Lancashire boilers. Here a welded 
ring of angle section is riveted to the sheli and to the end plate, the 
angle ring being on the outside of the shell. This arrangement is 
quite unsuitable for the back end of a Cornish or Lancashire boiler 
since the projecting angle ring and end plate would rapidly waste 
away by furnace gases passing over them. This objection to the 
angle ring connection does not apply if the angle ring is placed on the 
inside of the shell as shown in Fig. 119, but most commonly the back 
end plate of a Cornish or Lancashire boiler is flanged as shown in 
Fig. 120, and the shell is riveted to the flange which is inside the 
boiler. Except for the front ends of Cornish and Lancashire boilers 
the flanging of the plates has superseded the use of angle rings for the 
connection of end plates to the shell in all classes of boilers. With a 
flanged plate there is only one seam to rivet while with an angle ring 
there are two. 

In the arrangement shown in Fig. 121 the end plate is flanged out- 
wards. The only advantage which this design has is that it may 
always be machine riveted. If both ends of a boiler are flanged 
inwards as in Fig. 1 20 there is one circumferential seam which must 
be riveted by hand. One objection to flanging the end plate outwards 
is that the boiler shell is heavier for the same internal volume. 
Another objection is that the joint can only be caulked on the outside. 
Like the external angle ring connection in Fig. 118 the outward flanged 
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end plate in Fig. 121 is quite unsuitable for the back end of a 
Cornish or Lancashire boiler and for the same reason. 

108. Furnace Tubes. — Boilers of the Cornish, Lancashire, Scotch 
marine, and some other types contain one or more furnace tubes , each 
grate being in the front portion of one of these tubes. These furnace 
tubes have an internal diameter varying from about 2 feet in the 
smallest size to about 4 feet in the largest. The furnace tubes are 
oither plain cylinders flanged outwards at the ends or they are. 
corrugated. 

Plain furnace tubes are made up of short flanged units not 
excoeding 4 foot in length which are joined together as shown in 
Fig. 122, which represents the Adamson 
flanged seam. Here two flanged ends are 
riveted together with a caulking ring li 
between them. The caulking ring enables 
the joint to be thoroughly caulked inside 
as well as outside and it also adds to the 
strength of the tube to resist collapse. It 
will be observed that all the 'rivet heads arc 
in the water space. The flanged seams give a certain amount of 
longitudinal flexibility to the furnace tubes, which reduces the straining 
actions due to unequal expansion of the tubes and boiler shell. 

Four different forms of corrugations for corrugated furnace tubes 
aro shown in Figs. 123 to 126. Fox's corrugated furnace tube 



Fig. 123. — Fox’s corrugations. Fig. 124.— Morison’s corrugations. 



Fig. 125. -Roigh ton’s corrugations. Fig. 126. — Suspension bulb 

corrugations. 


(Fig. 123) was the first of the corrugated furnaces. This was followed 
by Mori son's or the suspension furnace tube (Pig. 124). Then came 
Brighton s (Fig. 125). The most recent successful design is the 
suspension bulb furnace tube made by the Leeds Forgo Co. (Fig. 126). 

Corrugated furnace tubes have the advantage of longitudinal 
flexibility, and greater 
resistance to collapse 
than plain tubes especi- 
ally when they become 
overheated due to scale 
or a film of oil de- 
posited on them from 
impure feed water. 

Figs. 127, 128, and 129 show flanged joints between furnace tubes 
and the end plates, T being a furnace tube and E an end plate. In 
Figs. 127 and 128 tho end plate is flanged while in Fig. 129 the furnace 




Fig. 127. 


Fig. 128. 
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tube is flanged. In the joint shown in Fig. 128 the end plate is flanged 
outwards, a design which may be used on the front end but not on the 
back end. The designs shown in Figs. 127 and 129 may be used at 
either end of the furnace tube. Angle rings are 
now seldom used for connecting furnace tubes to 
the plates at their ends. 

Fig. 130 shows a good form of rivet for the 
joints at the ends of furnace tubes, and for the 
seams in combustion chambers and parts ex- 
posed to flame. 

Two methods of connecting the back end of 
the furnace tube to the front of the combustion 
chamber, in boilers of the Scotch marine type, are illustrated pictorially 
by Figs. 131 and 132. The joints arc shown as viewed from the 
combustion chamber in each case. In Fig. 131 the furnace tube is 
flanged at the top only, while in Fig. 132 it is flanged all the way 
round. In Fig. 132 a neck is formed on the tube while it is being 
flanged, a corrugation of varying depth being formed adjacent to the 





flange, the depth being greatest at the bottom. This makes the outline 
of the flange of the tube oval-sbaped but narrowing more rapidly 
towards the top than the bottom, and it also makes the whole flange 
small enough to pass through the hole for the furnace tube in the 
front end plate of the boiler. 

109. Galloway Tubes. — At one time it was the general practice to 
tit into the furnace tubes of Cornish and Lancashire boilers a number 
of cross* tubes of conical form called Galloway lubex from the name of 
their inventor. These tubes were generally flanged and riveted into 
the furnace tube as shown in Fig. 133, but occasionally they were 
welded in. 

It was claimed for these tubes that they added greatly to the 
strength of the furnace tube, that they provided very effective 
additional heating surface, and that they promoted a better circulation 
of the water. The first claim is now considered doubtful and the few 
experiments which have been made to test the last have not been very 
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conclusive, although one would expect that the cross tube would 
improve the circulation. In any case these tubes arid considerably to 
the cost of the boiler and if scale should form 
in them, which it is liable to do, they are 
very likely to become overheated and 
damaged. 

Modern boilers of the Cornish and Lanca- 
shire types are not fitted with these tubes. 

Additional heating surface is better obtained 
by means of a superheater placed in the 
downtake at the back of the boiler together 
with an economizer placed botween the boiler 
and the chimney. 

110. Boiler Stays. — In steam boilers plates which are fiat or only 
slightly curved generally require to be supported by slays. The 
principal kinds of stays in use are: (1) Direct stays which are 
usually round bars placed at right angles to the plates supported by 
them ; (2) diagonal and gusset stays used for supporting one plate 
by tying it to another at right angles to it ; (.‘l) girder stays which 
are placed edgewise on the plate to be supported and bolted to it 
at intervals. 

Direct stays. — 13ar stays for supporting oi.e end plate of a boiler 
shell from the other end plate are shown in Fig. 134. The ends of 
the bar are screwed to receive two nuts between which the end 




Fig. 134. Fig 135. Fig. 136. 


plate E is locked. At (a) the end plate is stiffened by a large 
thick washer riveted to it. These bar stays are now generally made 
of steel and preferably the screwed part is enlarged by* staving up 
the bar in a hydraulic press, the stay being afterwards annealed. 
To reduce the amount of enlargement necessary finer screw threads 
are now generally used with a nut of extra depth on the outside 
atf shown at (o), which is the design of bar stay used in the boilers 
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of the Cuuard liner Aquilania . These stays are 2£ inches in diameter 
in the body enlarged to inches at the screw which has eight 
threads per inch. Bar stays such as are shown in Fig. 134 are 
not screwed into the plates. 

The fire-boxes or combustion chambers of locomotive and marine 


boilers are supported by screwed stays of which examples are given 
in Figs. 135 and 136, where F is a fire-box or combustion chamber 
sheet and S the outer shell. These stays are called screwed stays 
because they are screwed into the plates which they support. 

Marine boiler screwed stays are made of wrought iron or steel 
and vary in diameter from 1-J inches to 1£ inches and are placed 
at intervals of 6 inches to 9 inches. They are provided with nuts 
inside the combustion chambors as at F in (r) and (*/), but in the 
wing boxes where the outer ends of the stays pass through the shell of 
the boiler the outer ends are riveted over as at S in (c). 

In British locomotive practice the short screwed stays arc nearly 
always made of copper and after being screwed into the plates they are 
riveted over as shown at (e), (/ ), and (#). These stays are generally 
about 1 inch in diameter with 11 or 12 threads per inch and are placed 
at intervals of about 4 inches. It is a common practice to have these 
stays screwed at the ends only, the middle part being turned down as 
shown at (/) and (</). This makes the stay slightly more flexible. 
Greater transverse flexibility is obtained without much reduction of 
cross sectional area by making thin saw cuts in the stays as shown at 
(<j) and (It). Tate’s flexible stay is shown at (7c) ; this has been success- 
fully used in American locomotive practice where the screwed stays 
are made of steel. Transverse Hcxibility in a screwed stay prevents 
its fracture due to unequal expansion of the fire-box and shell plates. 
The fracture of a screwed stay may be detected by the escape of steam 


through the small axial hole 
which is sometimes drilled in 
the stay as shown at ( / ). 

Screwed roof stays for loco- 
motive fire boxes are shown at 
(Z) and (in). Fig. 136. These 
direct stays now largely super- 
sede the girder stays formerly 
used for supporting the crowns 
of locomotive fire-boxes. W ith 



these stays it is however 


necessary to allow for the up- 
ward expansion of the tube 
plate when the fire is first 
lighted. Fig. 1 37 shows a 
common form of expansion 
roof stay used near the tube 
plate. S is the outer shell, F 
the fire-box crown plate, nnd 
T the tube plate. Bars B of 
T -section are riveted to the inside of tho shell and hangers H are 
suspended from these by pins as shown. C are stays screwed into 



Fig. 137. 


STEAM BOILER DETAILS 


151 


the fire-box crown and provided with nuts and copper washers, but 
they are free to move upwards in the hanger. There are generally 
two transverse' rows of these double stays at the front or tube plate 
end of the fire-pox crown. 

Diagonal cmd gusset stays . — The fiat end of a boiler shell may be 
supported from! the cylindrical part of the shell by diagonal bar stays 
of which an example is shown at (a) in Fig. 138. Instead of having 
pin joints at both ends of the bar the end connected to the cylindrical 
part of the shell S is frequently riveted to it as shown at (//). 

A gussot stay is a diagonal stay in which a plate is used instead of 
a bar. An example of a gusset stay is shown in Fig. 139. The 




gusset plate P is connected to the cylindrical shell S and to the end 
plate E by angle bars and rivets as shown. 

Girder Stays . — The crowns of the combustion chambers of marine 
boilers of the Scotch type are usually supported by girder stays of the 
form shown in Fig. 140. These girders, which are made of wrought 
iron or mild steel, aro supported at their ends by the vertical front and 



Fig. 140 . Fig. 141 . 


back plates of the combustion chamber, and the crown plate is supported 
from the girders by bolts which arc screwed into the crown plate and 
provided with nuts as shown. In large combustion chambers, which 
occur in double ended boilers in which furnaces in opposite ends lead 
into the same chamber, it is usual to relieve the load on the plates 
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which support the girders by means of sling stays hanging from the 
shell of the boiler as shown in Fig. 140. Combustion chambers which 
serve one furnace only, being much narrower, their girder stays do not 
require the addition of sling stays. 

Fig. 141 shows a girder stay for a locomotive fire-box. The girder 
in this example is a steel casting and is provided with two sling stays. 
The method of attaching the fire-box crown to the girders is shown in 
detail at (a). 

When sling stays are provided provision is made for the upward 
expansion of the combustion chamber or fire-box when the fire is started. 
The hanging stay in Fig. 1 40 has the holes for the pins slightly elongated 
so that there is a clearance of about inch below the top pin and 
above the bottom pin when the boiler is entirely cold or entirely hot. 
Tn Fig. 141 the link form of the sling gives ample provision for ex- 
pansion. 

In large modorn locomotives, as has already been mentioned, direct 
stays have practically superseded girder stays on Recount of the latter 
requiring to be large and clumsy and in consequence obstructing the 
free circulation of the water over the fire-box crown. 

111. Manholes and Handholes in Boiler Shells. — To give access 
for cleaning and inspection, boiler shells must be provided with 
openings having covers which may be readily removed or replaced. In 
all except very small shells there should be at least one opening large 
enough to allow a man to pass through it ; such an opening is called a 



Fig. 142 Fig. 143 


manhole . Oval-shaped manholes are generally 16 inches by 12 inches 
and when these are in the cylindrical part of the shell the shorter axis 
the hole should be placed parallel to the axis of the shell. The 
reason for this disposition of the shorter axis of the hole is that a 
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longitudinal section of the shell being weaker than a circumferential 
section the latter can better afford to be weakened. 

Fig. 142 shows an oval-shapod manhole in the shell of a large 
marine boiler. S is the boiler shell which is reinforced round the 
opening by the plate A which is flanged inwards. The edge of this 
flange is faced to form a seat for the cover B which is secured by the 
bolts C and bridge bars D as shown. 

If the manhole is made in the flat end plate of the shell, a rein- 
forcing or compensating plate is not so necessary and the shell plate 
may be simply flanged inwards as shown at (a) in Fig. 143. 

A circular manhole is shown at ( b ) in Fig. 1 43. This is a common 
form in Cornish and Lancashire boilers. As in Fig. 142 the shell S is 
reinforced by a plate A. The mouthpiece F is of wrought iron or 
wrought steel. The cover B is pressed to shape from awTouglit iron or 
mild steel plate. The coni act surfaces of the flanges of ibe cover and 
mouthpiece are machined. 

At (c), Fig. 143, is shown a mudhole or handhole and cover. The 
cover B and the bolt C in this example arc of wrought iron in one 
piece. 

Manhole and other openings are made steam tight by inserting in 
the joints asbestos board with interwoven wiro gauze. 

112. Bases for Boiler Mountings. — The various valves and other 
boiler mountings are not usually bolted direct to the boiler shell but 
to suitable bases which arc riveted to 
the shell. Three forms of bases for 
boiler mountings are shown in Fig 
144. At (a) is shown a standpipe 
which is a wrought iron or mild steel 
forging. The bottom flange is either 
single or double riveted to the boiler 
shell and the mounting is bolted to 
the top flange. At ( b ) is shown a saddle which is pressed to shape 
from a wrought iron or mild steel plate. At (r) is shown a block 
which is a steel casting, the upper part being provided with slots to 
receive the heads of X -headed bolts. 

113. Boiler Tubes. — The tubes in marine boilers of the Scotch 
type arc made of wrought iron, and with forced draught, which is now 
general, they have an external diameter of 2.V inches. In length they 
vary from 7 feet 6 inches to 8 feet 3 inches. About 08 per cent, of all 
the tubes in a boiler are plain tubes No. 8 Imperial Wire Gauge 
(0*10 inch) thick. These plain tubes are enlarged — inch on the 
diameter at their front ends as shown in Fig. 145, and they are simply 
expanded into thq tube plates. In Figs. 145, 146, and 147, F is the 
front tube plate and B the back tube plate. 

The stay tubes are screwed into both tube plates. At the front 
ends the stay tubes are staved up on the outside as shown at' F in 
Figs. 146 and 147. At the back ends the stay tubes may also be 
staved up on the outside as shown at B in Fig. 146 or they may be 
staved up on the inside as shown at B in Fig. 147. In any ease the 
diameter over the screw threads at the back end must not exceed the 
diameter under the threads at the front end. These tubes are scrowed 




154 


HEAT ENGINES 


ten threads per inch. Stay tubes of different thicknesses are usod in 
the same boiler, the thinnest being £ inch and the thickest generally 
S’ inch. To give additional stiffness to the front tube plate between 
the nests of tubes a number of the adjacent tubes are frequently stay 
tubes with nuts as shown at F in Fig. 147, but there are no nuts at the 
back end. 

Locomotive boiler tubes are now seldom less than lfj inches in 
external diameter and thev are very frcauently 2 inches in diameter 



Fig. 145 . Fig. 146 . Fig. 147 . 


and sometimes 2\ inches in diameter. The tubes are pitched zigzag 
with a water space between them of about :} inch. They have a 
thickness of about 1-1 Otli of an inch and their length is from 70 to 100 
times their diameter. In British and Continental practice the 
material of the tubes is commonly brass, but copper, wrought iron, and 
mild steel tubes are also used to a considerable extent. Tn American 
locomotive practice wrought iron tubes are most commonly used but 
steel tubes are also adopted. 

At the smoke-box end the tubes are generally enlarged by T \r inch 
on the diameter for about 3 inches of their length as in the marine 
boiler plain tubes shown in Fig. 145. The tubes are expanded into 
the tube plates at both ends. 

Fig. 148 shows a tube swaged down \ inch on the diameter at the 
fire-box end, while. Fig. 149 shows a tube swaged down and beaded over 



Fig. 148 . Fig. 149 . Fig. 150 . Fig. 151 . 

at the fire-box end. Brass and copper tubes are beaded over and have 
steel ferrules driven into them at the lire-box end as shown in Fig. 150. 

The Serve boiler tube is shown in Fig. 151. This form of tube has 
a number of internal ribs which extend longitudinally nearly the whole 
length of the tube and radially, about half-way to the centre. These 
ribs abstract heat from the gases passing through the tube and con- 
duct it to the water outside. Serve tubes, 2~ inches in diameter, have 
been extensively used in French locomotive boilers and to a very limited 
extent in British locomotive and marine boilers. 

114. Steam Collecting Pipe. — As the steam leaves the water in the 
boiler it carries with it a certain amount of water, but this water, 
having a much higher specific gravity than the steam, tends to fall 
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back as the steam ascends, and the higher the steam rises in the steam 
space the less water will be suspended in it. The stoam should there- 
fore be takon from the boiler as high as possible above the water level. 
It is most important that the steam should leave the boiler as dry as 
possible. 

Priming, as the carrying away of water in the steam is called, is 
considerably reduced by placing in the top of the steam space of the 
boiler a horizontal perforated pipe, closed at its ends, which will collect 
the steam from different parts of the boiler and lead it to the boiler 
stop valve. Collecting the steam over a considerable field causes the 
flow of steam from the water in the boiler to be more uniformly dis- 
tributed and this promotes the production of dry steam. 

An example of a steam*collecting pipe , or anti-priming pipe , or dry 
pipe is shown in Fig. 152. AB is the collecting pipe, which in this 
case is made of cast iron. A branch C on AB fits into the* standpipe 
1) upon which the stop valve is tixed. The collecting pipe is secured 



to the boiler shell by bolts at its ends as shown. In the upper part of 
AB there is a large number of narrow rectangular holes which admit 
the steam. Entering the collecting pipe in a downward direction, the 
steam throws out water suspended in it, and this water returns to the 
boiler through two small drain holes E in the bottom of the pipe 
at its ends. 

115. Steam Domes. — The only reason for fitting a dome to a steam 
boiler is to provide a space at a reasonable distance above the water 
level from which the steam may be taken comparatively free from 
water. Except in the case of locomotives, domes are now seldom fitted 
to steam boilers, and a considerable number of locomotives are now 
made without dornos. 

Tho dome is a source of weakness to the shell and adds to the cost 
of the boiler. A dome, of course, increases the steam space of the 
boiler, but this is unimportant since tho amount of steam which a dome 
of ordinary size will hold would generally be a very insignificant 
supply for tho engine. A perforated collecting pipe such as that 
described in the preceding Article makes a dome unnecessary in most 
boilers. 

Two forms of steam dome for locomotive boilers are shown in 
Figs. 153 and 154. For main line locomotives these domes are 
generally from 20 inches to 26 inches in diameter, but in large boilers 
they are sometimes as much as 30 inches in diameter. The dome shell 
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is generally made of steel but if welded it should be made of wrought 
iron. The dome cover shown in Fig. 1 53 may be a steel casting or it 



may be prossed from a mild steel plate. The bolted joints are faced 
true and smooth so that no jointing material other than boiled oil or 
black lead is necessary. 

116. Some Locomotive Boiler Details.— Figs. 155 to 158 show 
various forms of fire-hole joints between the inner and outer fire-box 
plates. In oach of 
these illustrations the 
inner fire-box plate 
is on the left-hand 
side. In the designs 
shown in Figs. 155 
and 156 a welded 
wrought iron ring is 
placed between the plates of the inner and outer fireboxes and riveted 
to them. Fig. 157 shows a joint which was introduced by the late 
Mr. F. W. Webb of the London and North Western Railway and 
which is now largely used. An American design is shown in Fig. 158. 




Fig. 150 . 



Fto. 1P0. 


Fin. 161. 


Fire-holes, if circular, have a diameter of 14 inches to 16 inches. 
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If not circular the width is from 15 inches to 18 inches and the height 
11 inches to 14 inches. 

The inner and outer lire-boxes are riveted together at the bottom 
with a foundation ring between them. This ring is generally a wrought 
iron or mild steel forging. The riveting may be single or double. 
Fig. 159 shows the joints at a corner of the foundation ring with 
single riveting. Another example is shown in Fig. 160. This has 
double riveting. Whero tho rivets cannot be taken right through, 
studs S are screwed in and riveted ovor. 

Three ways of connecting the smoke-box shell to the barrel are 
shown in Figs. 161, 1G2, and 163. In these illustrations B is the 
barrel, T the front tube plate, and 
S the smoke-box shell. In Fig. 

161 tho smoke-box shell is riveted 
to the tube plate which is 
flanged outwards for that pur- 
pose. The tube plato in this case 
is connected to the barrel by means of an angle ring which is double 
riveted to tho barrel and single riveted to the tube plates. The section 
in Fig. 161 is takon at the longitudinal joint of the barrel. Tho 
smoke-box sholl may bo riveted directly to the barrel as shown in Fig. 

162 or an intermediate ring may be introduced to increase the diameter 
of the smoke-box as shown in Fig. 163. 
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STEAM BOILER MOUNTINGS 

11*7. Water-Level Indicators. — An early form of water-level 
indicator, now rarely used, consists of a float inside the boiler attached 
to a thin brass rod which passes vertically through a gland in the 
boiler shell. The upper end of this rod is attached to a chain which 
passes over a pulley from which it is led to the front of the boiler 
where it passes over another pulley from which it hangs ; the hanging 
part of the chain carries a balance weight and, at its lower end, a 
pointer which, moving over a vertical scale, shows the water lovel in the 
boiler. A serious defect of the float gauge is the friction of the 
rod in the gland which may cause erroneous indications of the water 
level. 

Try cocksy generally three in number, placed at different levels on 
the front end of the boiler are sometimes used to determine approxi- 
mately the water level. 

The most satisfactory water-level indicator, and the one now 
almost exclusively used, is the glass tube water gauge , by means of 
which the exact level of the water in the boiler is constantly 
shown. 

A good form of glass tube water gauge, although not of the 
simplest construction,^ is shown in Fjgs. 164 and 165. This is 
Hopkinson’s “ absolute ” water gauge made by Messrs. J. Hopkinson 
& Co. of Huddorsfield. AB is the front end plate of tho boiler and 
W is the water level, 0 is a strong glass tube whose ends pass through 
stuffing boxes in hollow gun-metal castings having flanges D and E 
fp£ bolting to the boiler. F and H are cocks which control the 
'jmsages between the boiler and the glass tube. When these passages 
are open the handles of the cocks F and H are vertical as shown. 
The water then stands in the glass at the same level as in the boiler. 
A third cock J, called a blow-through cock, is ordinarily closed, its 
handle being then vertical as shown. 

: >• The complication of the gauge illustrated over the simpler forms 
of the glass water gauge is due to the arrangement for automatically 
shutting off the steam and water supply to the glass tube should the 
latter, from any cause, get broken. The upper and lower castings are 
connected by the hollow column K. Balls L and M are in the 
positions shown when the gauge is in normal working condition. 
Should the glass tube get broken the rush of water in the bottom 
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passage carries the ball L into the position shown by the dotted circle 
and shuts off the water. At the same time the steam rushing through 
the upper passage aided by the water rushing upwards through the 
column K. drives the 
ball M into the posi- 
tion shown by the 
dotted circle and 
shuts off the steam. 

The attendant may 
then approach the 
gauge with perfect 
safety and shut the 
cocks F and H and 
then proceed to re- 
new the glass tube. 

Screwed plugs N, O, 

P, and R are con- 
venient for construc- 
tional purposes and 
also givo access to the 
various passages for 
the purpose of clear- 
ing out, when neces- 
sary, any sediment 
which may have 
lodged in them. The 
passages may how- 
ever be kept quite 
clear by frequent 
blowing through. In 
blowing through the cock J is opened and, first F is closed and H 
opened, then II is closed and F opened. 

The construction of the gauge described above is simplified by 
dispensing with the ball M, the column K is then no longer required. 
In the gauge so simplified only the water will be shut off when the 
glass tube is broken, but there^is much less danger from the rush of 
steam from the top than from a rush of water from the bottom 
because the water as soon as it escapes into the atmosphere flashes 
into steam, the volume of which is much greater 
than the volume of steam issuing from the top of 
the gauge. 

The stuffing boxes holding the ends of the glass 
tube are generally packed with rubber rings the 
best form of which is shown in Fig. 166. The rubber 
ring S has a flange above which there is a brass 
ring T held down by the gland nut U. The part 
of the packing ring beyond the flange is conical on 
the outside but the inside fits the tube against which the ring is forced 
by the steam or water pressure on the conical surface. 

Glass tube water-level gauges for high pressures should be provided 
with guards made of thick toughened glass which cover the front and 



Fig. 164 . 
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sides of the glass tube. The boiler attendant is then protected from 
the flying fragments of glass when a glass tube bursts. 

118. Pressure Gauges. — The most common form of pressure gauge 
is that known as the Bourdon gauge. This gauge as made by 
Messrs. Dewrance & Co. of London is shown in Figs. 167 and 168. 
The interior mechanism is shown in Fig. 167 which is a view looking 
from the back of the gauge, the back cover being removed. Fig. 1 68 
is a front view showing the dial and pointer. 

The essential feature of a Bourdon gauge is the Bourdon spring 
tube l ABC, an enlarged cross section of which is shown at (a). As 
made by Messrs. Dewrance <fc Co. this tube is of a special quality 
of bronze and is solid drawn. One end A is closed by a plug while 
the other end C is firmly secured to a hollow block D which is 
attached to the casing by the screws S. The gauge is connected by 



Fki. 167. Fig. 16$. 


means of the screw E to the top of a siphon to be presently described. 
This siphon, which is connected to the steam space of the boiler, 
contains water of condensed steam which enters the gauge at E and 
fills the. Bourdon tube. The pressure of the water in the tube makes 
its cross section more nearly circular and this change of cross section 
is accompanied by a flattening of the curve in the other direction. 
The tube being fixed at C, the end A moves outwards and the move- 
ment of A is practically proportional to the difference between the 
internal and external pressures on the tube. Since the tube is 
surrounded by the atmospheric air the movement of A is a measure 
of the pressure in the interior of jbhe tube above that of the atmosphere 
Hence absolute pressure is equal to gauge pressure plus atmospheric 
'pressure. 

The motion of the end A of the Bourdon tube is magnified by the 
mechanism shown which consists of the connecting rod AF, the lever 

1 Schinz, a German engineer, dosigned this tube in 1845. In 1850 Bourdon, 
a Parisian instrument maker, by arrangement with Schinz, patented the tube 
which has since then been known as the Bourdon tube. 
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FH pivoted at K and carrying the toothed sector HLN which gears 
with a small pinion fixed to the spindle which carries the pointer P, 
the position of which on the dial indicates the pressure in pounds 
per square inch. 

The pressure gauge is generally constructed to indicate up to 
double the maximum working pressure so that the pointer is vertical 
when the safety valve is about to blow off. The dial in Fig. 1 68 would 
be for a working pressure of 100 pounds per square inch and the 
number 100 at the top of the dial should be in red, the other numbers 
being in black. 

As already stated the pressure gauge is connected to the boiler 
through a siphon, a good form of which is shown in Fig. 169. This 
is a gun-metal casting having a flange M for 
bolting to the end of the boiler shell at a 
point well above the water level W in the 
boiler. The gauge is connected to the siphon 
at 0. A plug It closes a short branch to 
which an inspector’s standard gauge may be 
periodically attached for the .purpose of test- 
ing the accuracy of the boiler pressure gauge. 

A plug T closes an opening at the bottom 
of the siphon which gives access to it for the 
purpose of clearing it, when necessary, of any 
sediment which may accumulate in it. The 
passages between the boiler and the boiler 
gauge and the inspector’s gauge are controlled Fin. 169. 

by the three-way cock V. 

Since the water in the siphon prevents the hot steam from entering 
the Bourdon tube the gauge is kept comparatively cool. Continuous 
overheating of the Bourdon tube would injure it and permanently 
affect the accuracy of the gauge. When in use the siphon should be 
cool enough to be grasped by the hand without discomfort. 

119. Safety Valves. — All except small boilers should have. at least 
two safety valves which will open when the boiler pressure exceeds 
the working pressure. These valves are almost exclusively of the 
disc type with narrow flat or conical seats, and they should be large 
enough to discharge the whole of the steam as rapidly as it is generated 
when the boiler is working at full power. 

Safety valves must be placed on mountings directly on the 
boiler. 

A disc valve is full open when its lift is one-fourth of its diameter 
if the passage under it is not obstructed by wings or other arrange- 
ments for guiding the valve. When there are such obstructions the 
full open lift is less than one-fourth of the diameter. In ordinary 
working the lift of a safety valve is generally less than one-eighth of 
an inch. By the diameter of a disc valve is meant the internal 
diameter of the seating of the valve. 

Safety valves are loaded either by weights or springs acting either 
directly on the valves or through levers. , 

As the valve rises the load is lifted and in the case of a spring 
load the force exerted by the spring increases as the valve lifts. This 
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increase of force exerted by the spring retards the lifting of the valve 
after it has opened. To overcome this difficulty, valve discs are 
frequently enlarged above their faces as shown at (a) and (6) in 
Fig. 170. The reaction of escaping steam on the enlargement or lip 
of the disc further assists in the lifting of the valve and thus retards 
accumulation of pressure. A similar effect is produced in the inverted 
cup-shaped valve shown at (c). 

The lip on a valve is made more effective by adding to the seating 
a guide to direct the escaping steam on to the lip as shown at (a). A 
still more effective design for this purpose is shown at (d) where the 
lip is on a separate piece which is adjustable as to height. Valves of 
this design are known as “pop valves ” ; they give a large lift very 
rapidly as soon as they begin to open. 

When the valve seating is a separate piece it should be firmly 
secured to the casing to prevent it being lifted with the valve by the 
steam pressure. For smaller valves the seating may be screwed into 



Fig. 170. Fig. 171. 


the casing as in Fig. i 72. For larger sizes the seating may be secured 
by studs passing through lugs on the flange at the top of the seating. 

When the steam escaping through a safety valve is led through 
a long pipe into the atmosphere outside the boiler room there is a 
considerable back pressure on the valve after it opens and the lip on 
the valve is less effective. This has led Mr. J. Hamilton Gibson to 
design the valve shown in Fig. 171. 1 There is no lip on this valve 
but the valve extends upwards as a sleeve into a balance piston which 
is a loose fit, without packing, in a cylinder formed in the cover of the 
valve chest. Any steam leaking past the piston escapes through the 
holes shown. These holes are covered by a thin loose plate which 
excludes dirt. In the design shown in Fig. 171, the valve chest and 
its cover as well as the valve and piston are made of gun metal. 

Since steam escaping through the safety valves is wasted, it is one 
of the tests of good stoking that these valves should seldom operate 
through excess of pressure. But to ensure that the safety valves are 

1 See Engineering f Feb. 26, March 12, and March 19, 1909. 



STEAM BOILER MOUNTINGS 


163 


in working order they should be frequently tested by lifting the levers 
or operating the easing gears provided. 

120. Lever Safety Valves. — A good design of a lever safety valve 
loaded with a weight is shown in Fig. 172. The valve V and its seat 
S are of gun-metal. The casing B is generally made of cast iron or 
cast steel. The lever, made of wrought iron or mild steel, has its 
fulcrum at F, and is loaded by the weight W. The thrust is trans- 
mitted to the valve through the short hingod strut R. The pins of 
the pin joints are made of gun-metal to prevent corrosion. But these 
pins may be of steel if the holes in the lever are bushed with gun- 
metal. The pins must be an easy fit in the lever. 

The load VV is secured to the lever by a pin and padlock as shown. 
G is a fork which acts as a lateral guide to the lever. Frequently this 
fork is bridged over the lever at the top for the purpose of preventing 
the valve being blown away in the event of the lever getting broken 
or the weight removed. This is a very objectionable arrangement 
because it provides a very easy means of unauthorized overloading of 



the valve by placing a piece of wood or metal on the lever under the 
bridge and thus locking the valve on its seat. With a wrought iron 
or steel lever .and the weight firmly secured to it the need of any guard 
to limit the lift ot the valve is small. 

A plan of the valve, looking upwards, is shown at (a). 

Let d = diameter of valve in inches. 

W = load on outer end of lever in lb. 
id = weight of lever in lb. acting at its centre of gravity C. 
w l = combined weight of valve and strut R and its pin in lb. 
p = pressure of steam, in lb per sq. in. when the valve is 
about to open. 

Then, taking the dimensions Z, ?», and n (Fig. 172) in inches, and 
taking moments about F, 

7 T 

WZ + wn + WjWJ = j d^pm 

121. Dead-Weight Safety Valves. — Fig. 173 illustrates a dead- 
weight safety valve made by Messrs. J. Ropkinson & Co., Huddersfield. 
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A is the valve which rests on the vafve seat B which is secured to the 
top of the vertical pipe C. This vertical pipe has a flange at the 
bottom for bolting to a 
seating block on the top of 
the boiler shell. The par- 
ticular valve shown has an 
enclosed discharge which 
leads the escaping steam to 
a pipe, connected to the 
discharge casing at H, which 
carries the steam to a con- 
venient point outside the 
boiler house. 

The valve seat is fastened 
down by a ring and screws 
as shown. The securing ring 
has feathers S cast on to it 
which act as guides for the 
valve A. The valve is also 
guided by a ring in the top 
of the discharge casing. 

Suspended from the top 
of the valve is the weight 
carrier D. The weights E 
are cast iron rings which are 
Enclosed in the cast iron 
case or cover F. The load no. 173.- Dead -weight safety valve, 
on the valve is made up of 

the weight of the carrier, the rings, and the cover, and the weight of 
the valve itself, and this load balances the total steam pressure on 
the valve when it is blowing off. 

The valve and the weights which it carries are prevented from 
being blown away by a stop ring cast on the inside of the weight 
carrier 1) and screws in the discharge casing as shown. This pre- 
caution is necessary in the event of a rush of very wet steam due to 
serious priming. The discharge casing is drained by a pipe connected 
at P. 


The centre of gravity of the dead weight is well below the point of 
suspension, and this ensures that the weight hangs vertically. 

Dead-weight safety valves are only suitable for stationary boilers. 
They have the great advantage that they cannot be readily tampered 
with, since any added weight must be equal to the total increased 
pressure of the steam on the valve. For example, a valve 3 inches 
in diameter has an area of about 7 square inches, and to increase the 
blowing off pressure by, say, 5 lb. per square inch, would requiro an 
addition of 5 x 7 = 35 lb. to the weight, an addition which would be 
readily observed. 

The objection to dead- weight safety valves is the great weight 
which has to be carried. For a working pressure of 150 lb. per square 
inch a 2-inch valve would require a total weight of 471 lb., while a 
3-mch valve would require a load of 1060 lb. 
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122. Combined High-Steam and Low-Water Safety Valves. -- 
Boilers of the Cornish and Lancashire types are generally provided 
with a safety valve which allows the steam to escape when the water 
level becomes too low and so prevents the collapse of the furnace tubes 
should they become overheated due to shortness of water. This low- 
wator safety valve is usually combined with auother safety valve 
which blows oft* when the steam pressure exceeds the working 
pressure. 

The best known combination of these valves is Hopkinson’s which 



Fio. 174. — Combined high -steam and low-water safety vrlve. 


is shown in Fig. 174. A Section of the valves themselves is shown to 
a larger scale at (a). A is a valve resting on the seat B. The edge 
of a central opening in A forms the seat for a hemispherical valve C 
which is loaded directly by the weight D attached to the lower end of 
the rod E which is a continuation of the spindle of C. Inside the 
boiler there is a lever FK whose fulcrum is at H . A large earthen- 
ware iioat L is suspended from the end K of the lever FK, and when 
this float is fully immersed in the water it is balanced by the weight M 
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suspended from the other end of the lever. When the water level falls 
and the float L is sufficiently uncovered the weight M will not be 
sufficient to balance L, and L will descend. On the lever to the left of 


the fulcrum there are two projections, one on the front and the other 
on the back of a boss on the lever through which the rod E pusses. 
The descent of the float L causes these projections on the lever to 
come in contact with a collar N attached to the rod E, and the valve 
C is lifted and steam escapes. 

When the projections on the lever FK are clear of the collar N 
the valve A acts as an ordinary safety valve loaded partly by the 
weight D and partly by the loaded lever above the valve casing. P is 
a drain pipe to carry oil any water which inay be deposited in the 
valve casing. Ribs H on the inside of the valve A act as guides for 
the valve C, and feathers S cast on the ring which secures the valve 
seat B form guides for the valve A. 

123. Spring-Loaded Safety Valves. — For all but stationary boilers 
springs are necessary for loading the safety valves. It has already 
been mentioned (Art. 119) that an objection to a spring load is that 
a& the valve opens the force exerted by the spring increases. This 
defect may, however, be made comparatively unimportant by using a 
long spring. For the same increase of load on a spring the alteration 
in its length is dirodtly proportional to the length of the spring. 

The springs used for loading safety valves are nearly always 
helical springs made of round or square spring steel rod. The springs 


as a whole may be either in 
tension or compression, but 
most frequently they are placed 
in compression. 

The type of safety valve 
introduced by the late Mr. 
John Ramsbottom on tho 
London and North Western 
Railway is the one most 
generally used on British loco- 
motives. The form of Ranis- 
bottom safety valve used on 
the Great Eastern Railway is 
shown in Fig. 175. There are 
really two valves V, of the 
same size, having their seatings 
in the upper ends of two hollow 
standards 0 which are united 
by the bridge B and a flange or 
base A, the base A being bolted 
to a shallow pressed steel stool 



Fig. 175. — Locomotive .safety- valve. 


on the top of the boiler over the fire-box. Tho valves are held down 


by the helical spring S and lever L, The lever has two pivots V and 
Q of which Q is forged on the lever and P is jointed to it. Those 
pivots bear on recesses in the valves. The upper end of the spring 
is hooked to an arm R of the lever midway between the valves while the 
lower end is hooked to the shackle D which is secured to the bridge B. 
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To prevent the valves from being blown away in the event of the 
spring breaking there are twp links E, one behind the other on either 
side of the lever, connected by pins at their ends. The lower pin 
passes through the shackle D while the upper pin passes through a 
slot in the arm R of the lever. The lever L lias an extension to the 
right which projects into the cab where it may be lifted or pulled 
down in order to test whether- the valves are free to act properly. 

The “Pop” safety valve as made by tho Lunkenheinier Company 
of Cincinnati, U.S.A., is shown in Fig. 176. 1 A is the body and B 
the cover. C is the seat- 
ing and I) the, valve, the 
bearing surface between 
them being inclined at 4o . 

The area presented to 
the escaping steam by the 
lip E of the valve increases 
the lift. Tho action of the 
lip can bo adjusted with-, 
out opening up the valve, 
as follows. Remove the 
set -sc row F, pass a pointed 
rod through the aperture 
and using it as a ratchet 
work the notched screwed 
ring H round, thus raising 
or lowering it, and de- 
creasing or increasing the 
amount of steam di\erted 
from Iho lip through the 
lateral openings in the pro- 
longation of the seating 
which directs the steam on 
to the lip. The ring H is 
screwed upwards if the 
pressure is not sufficiently 
relieved and downwards if 
it is relieved too much. 

After adjusting the ring H 
replace the set -screw F so 
that the point catches in 
one of the notches of the Fig. 17 (> Pop ” safety valve, 

ring. 

The spring K presses on washers L and N of which L lias a 
spherical bearing on the adjusting screw M while N has a spherical 
bearing on the piece O which presses on the valve. The lifting stem P 
is screwed into the piece O and locked with a rivet passing trans- 
versely through both. The piece 0 h«s lugs on it which lie in recesses 
in the valve as shown at (a). This arrangement enables the valve to 
be rotated on its seat by turning the stem P after removing the cap Q. 

1 Prepared from a working drawing kindly supplied by tho Lunken Company, 
London. 
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The valve may be lifted from its seat by means of the lever R and 
forked lever S. The lever S is jointed to the cap Q by the pin T and 
to the lever R by the pin U. Turning the lever R outwards causes 
the lever S to press upwards on the nut V which is locked on the 
lifting stem P. 

It will be seen that the spring K is completely protected from 
contact with the escaping steam. 

By locking the pin T with a special nut or with a padlock the load 
on the valve cannot be tampered with. 

Boilers in the mercantile marine arc usually fitted with spring- 
loaded safety valves of the enclosed lock-up type shown in Fig. 177, 



Fig. 177. - Marino safety valw*. 


which illustrates the marine safety valve made by Messrs. Alex. Turn- 
bull <k Co., Glasgow. The force exerted by the spring is adjusted by 
the screw A which has a hexagonal head and works in the nut B. 
When 6nally adjusted the screw A is removed and a ring C of the 
correct thickness is placed on top of the nut B ; the screw A is then 
reinserted and tightened up against the ring as shown, 

The adjusting screw and the top of the valve spindle S an*, enclosed 
by the cap I). A gib headed cotter E passes through the cap and 
spindle, there being considerable clearance in the cotter hole in the 
spindle so that the valve and spindle may rise under the action of tho 
steam pressure. The cotter, which is secured with a padlock, prevents 
the removal of the cap D and therefore prevents access to the adjusting 
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screw A. The cap has a hexagonal head to receive a spanner which 
may be used to rotate the cap, and because of the cotter this rotation 
will be communicated to the spindle and valve. 

On the cap D there is a collar F u rider which are the prongs of a 
fork rigidly attached to the shaft H which may be twisted with suit- 
able gear from the stokehold floor. The twisting of the shaft H in 
the proper direction moves the fork, lifts the cap D and opens the 
valve. 

Fig. 177 shows two valves mounted on the same base. For large 
boilers there may be throe or even four valves grouped together on the 
same base. The steam escaping through the valves is led away by 
the waste pipe J. Water accumulating in the valve chest is carried 
away by a drain pipe attached at K. 

124. Junction and Stop Valves. -A valve placed directly on a 
boiler and connected to the steam pipe which leads to the engine is 
called a junction valve. Where 
there are. a number of boilers 
delivering steam into one main 
steam pipe each boiler must 
have its own junction valve. 

A valve placed in the steam 
pipe leading to the engine and 
generally placed near to the 
engine is called a stop valve, but 
junction valves are also very 
frequently called stop valves. 

Junction and stop valves are 
operated by hand and their 
function is to regulate the 
amount of steam passing through 
the steam pipe and to shut it off 
altogether when required. There 
is no essential difference be- 
tween the design of a junction 
valve and that of a stop valve. 

The Crosby junction or stop 
valve is shown in Fig. ITS. 

If used as a junction valve the 
flange A of the body is bolted 
to the boiler at the highest part 
of the steam space. The seat 
B is screwed into the body liy 
aid of lugs 0 cast on its interior. 

The disc 1) has a renewable disc 
seat E screwed on to it. The 
construction of the seats is 
shown to a larger scale at (</). It will be seen that the bearing 
surfaces of the seats are of double conical form and that there are 
grooves between the conical surfaces which give a certain amount of 
spring to the seats. For that reason these valves are called “ spring- 
seated valves,” 
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The valve disc D is connected to the spindle F by the nut H the 
lower edge of which comes in contact with a collar on the lower end 
of the spindle. The spindle as it is raised or lowered carries the disc 
D with it but is free to rotate within the disc. A square projection 
K on the under side of the disc enables the disc to be held when the 
nut H is being screwed in or out. 

The spindle passes through a gland and stuffing box in the cover 
of the body. The upper portion of the spindle is screwed and passes 
through a nut in a crosshead or yoke carried by two pillars which aro 
screwed into the cover of the body as shown. The spindle is rotated 
by means of the hand wheel M. By raising the spindle to its full 
height the upper conical face of the collar L is made to bear on a 
corresponding seat on the bottom of 
the stuffing box and the latter 
may then be repacked under pres- 
sure. 

Ln an ordinary single-seated 
valve the valve, opening gradually, is 
at first open to a very small extent, 
the steam rushes through this small 
opening with a much higher velocity 
than when the valve is more fully 
open and equilibrium of pressure 
is established on both sides ; this 
wire-drawn high velocity steam 
exerts a cutting action on the hair- 
ing surfaces of the val ve and its seat. 

A design of valve which guards 
against the above mentioned cutting 
action of the steam and which has 
other advantages over the ordinary 
design of junction or stop valve is 
shown in Fig. 179. This design is 
due to Messrs. Hopkinson Co., 
of Huddersfield. There are two 
valve discs A and B with corre- 
sponding seats as shown. A is 
attached to the central spindle C 
while B is attached to the lower 
end of the sleeve G whose upper end 
is attached to the crosshead 1 ). 

The upper part of the central 
spindle passes through a screwed 
sleeve S which is secured to the 179 . 

hand wheel W, but the screw on the 

lower part of this sleeve has a larger pitch than the screw above it. 
Of these two screws the upper one works in the crosshead E while 
the lower one works in the crosshead F. 

The crosshead F is connected to the crosshead D by the rods H. 
The crosshead E is guided by the pillars K but the upward motion of 
E is limited by the nuts on the upper ends of the pillars. 
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As shown in Fig. 179 the valve is closed. If, viewed from above, 
the hand wheel is turned anti- clockwise the crossheads E and F will 
rise because the screwed sleeve S cannot descend on account of the 
steam pressure on the valve disc A. When the crosshead E has reached 
its highest position, the valve B has opened considerably and any 
further motion of the handwheel will cause the sleeve S and disc A to 
descend ; at the same time the disc B rises further because the pitch 
of the screw working in F is greater than the pitch of the screw work' 
ing in E. It will therefore be seen that no steam passes the edge of 
B until it is open to a considerable extent and the wire drawing action 
occurs almost entirely at the edge of A. The disc A therefore protects 



the edge of B and its seat from the cutting action of the high velocity 
wire-drawn steam. 

When the valve is closed it is c\idcnt that the forces holding the 
discs A and B on their scats balance one another and there is no stress 
in the valve casing due to the tightening of the valve discs on to their 
scats, and troubles due to unequal expansion or contraction are avoided. 
This design of valve is suitable for large sizes and is made up to 12 
inches in diameter. 

The Hopli i neon - Farr a n t l xtoj) valve is shown in Fig. 180. This is a 
(i straight through *’ valve having the special feature that the throat 
where the valve is placed is considerably less in diameter than the pipe 
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in which the valve casing is placed. Generally the diameter of the 
throat is half that of the pipe. The inlet passage S to the throat is 
converging and the outlet passage O is diverging. As the steam passes 
through the converging passage its velocity and its kinetic energy 
increase while its pressure energy and pressure decrease. After pass- 
ing through the throat the velocity and kinetic energy of the steam 
diminish while the pressure energy and pressure rise, and if the 
contours of the passages are properly designed and their surfaces are 
smooth the velocity and pressure of the steam will bo only slightly 
affected by its passage through the valve. 

The construction of the valve itself and the method of operating it 
will be readily understood from the views shown in Fig. 180, but it 
may be mentioned that the valve carries, 
suspended below it, a ring R which en- 
circles the throat when the valve is full 
open and then makes the passage through 
the throat smooth and continuous. 

A Hopkinson-Ferranti valve being 
much smaller than an ordinary valve for 
the same size of steam pipe it is lighter 
and easier to operate and it presents a 
smaller periphery of bearing for the 
leakage of steam. 

125. Peed Check Valves. — At the 
boiler end of the delivery pipe from the 
feed-water pump anon-return valve must 
be placed as near to the boiler as possible. 

This non- return valve or check valve is 
usually provided with an arrangement 
for regulating by hand the extent of its 
opening because it is important that the 
water level in the boiler should be 
maintained as nearly as possible con- 
stant. 

A good design of feed check valve by 
Messrs. Hopkinson of Huddersfield is 
shown in Fig. 181. C is the check 
valve the lift of which is controlled by 
an extension of the spindle of the screw 
down valve V above it. It is most im- 
portant that the cheek valve should be 
kept in perfect condition. To ensure 
this it may, in the design illustrated, be 
examined and cleaned or re-ground when 
the boiler is under steam by closing the 
valve V, shutting off the feed water, Pm. 18b 

and then uncoupling the elbow E which 

contains the check valve and its seat. Before doing this, however, 
sufficient water is fed into the boiler to keep it going while the check 
valve is disconnected. 

The flange A is bolted to the end of the boiler shell at a point from 
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which an internal perforated pipe leads fche feed water and distributes 
it near the working level of the water in the boiler. 

126. Blow-Off Valves. — Periodically it is necessary to empty the 
boiler in order that it may be cleaned and inspected internally. It is 
also a common practice periodically to discharge a portion of the water 
from the bottom of the boiler in order that any sediment which may 
have been deposited may be carried away. For these purposes a blow- 
off valve or cock is fitted to the lowest part of the boiler. This valve 
is either fitted directly to the boiler shell or to a short branch or to an 
elbow pipe of cast steel as shown at W in the illustration of a Lanca- 
shire boiler, Fig. 89, p. 121. 

When several boilers are arranged to discharge into the same waste 
pipe the blow-off valve of each boiler should have connected to it an 
isolating valve which will prevent water which is being dischargee! 
from one boiler being blown into another which may ne open for 



Fig. 182.— Isolating valve and blow-off rock. 


inspection, the blow-off valve of which has been inadvertently left 
open. 

Fig. 182 shows a blow-off cock A and an isolat ing valve B made by 
Messrs. Dewrance A Go. of London. The cock and isolating valve are 
shown closed. The plug P of the cock is conical and tits into the body 
or casing which is packed with asbestos packing in grooves round the 
top and bottom of the plug as shown. There are also grooves connecting 
those at the top and bottom which are likewise packed. The asbestos 
packing is rammed in tight and the plug bears on the packing. Cocks 
packed in this way keep tight better under high pressure and are more 
easily operated than unpacked cocks. The shank S of the plug P 
passes through a, gland and stuffing box in the cover. The plug is 
held down by a yoke Y and two stud liolts, not shown, one behind and 
the other in front of the shank S, The yoke Y has formed on it ft 
guard G on the inside of which are two vertical slots T through which 
pass projections on the !x)x spanner used for operating the cock. The 
us© of this guard is to prevent the spanner being removed while the cock 
is open. 
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The isolating valve B is of the hinged non-return type and opens 
outwards, the amount of opening being regulated by the screwed 
stop It. 

When the blow-off cock is not associated with an isolating valve, 
and when the cock is only partially open, the flow of gritty water 
scores the plug and the asbestos packing becomes injured with the 
result that the cock afterwards leaks. With an isolating valve, how- 
ever, the cock may 1x3 opened full while the isolating valve is closed, 
and the latter is then allowed to open to any desired extent. Again in 
closing, the isolating valve is first 
shut and then the blow-off cock is 
closed. The scoring action of the 
gritty water on the partially open 
isolating valve is not a serious matter 
because it is not so important that 
this valve should be absolutely 
water tight. % 

Fig. 183 shows a blow-off valve 
used on locomotives on the Great 
Eastern Uailway. 

127. Fusible Plugs. — The crown of a furnace or combustion 
chamber should be titted with a plug held in position by a fusible 
metal or alloy. This plug under normal conditions is covered with 
the water in the boiler which keeps the temperature of the fusible 
metal below its melting point. But should the water in the boiler fall 
below the “low-water” level the fusible metal is melted by the heat of 
the furnace, the plug drops out and steam rushes into the furnace and 
puts out the fire or gives warning to the stoker that the furnace or 
combustion chamber crown is in danger of being overheated. 

Figs. 181 and 185 illustrate two forms of fusible plug patented by 
the National Boiler Insurance Co., Maiiehestei . A is a hollow gun- 




Fig. 184 . Fig. 185 . Fig. 386 . 


metal plug screwed into B the furnace crown. C is a second hollow 
gun-metal plug screwed into the first. D is a third hollow gun-metal 
plug separated from C by an annulus of fusible metal F. The inner 
surface of C and the outer surface of D are grooved as shown, so that 
when the fusible metal is poured in the plugs C and 1) are locked 
together. E is a hexagonal flange on A to take a spanner for fixing 
or removing A. H (Fig. 184) is a hexagonal flange on C for fixing or 
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removing C. The spaces between the lugs L ( Pig. 185) serve to receive 
the prongs of a special key or spanner when it is required to screw or 
unscrew the plug C. 

To renew the fusible plug only the part C need be taken out. In 
the design shown in Pig. 185 C may be removed and replaced by 
operating from the inside of the furnace, but in the design shown in 
Fig. 184 C cau only be operated from the inside of the boiler. 

It will be observed that the fusible metal is protected from the tire 
by the llange on the lower end of 1). Also, in the design shown in 
Pig. 1 84 there is contact at the top between C and D so that the fusible 
metal is completely enclosed. 

Pig. 18(5 shows one of the designs of fusible plug patented by the 
Vulcan Boiler Insurance Co., Manchester. The inner plug I) in this 
design is made of copper and has a prolongation with a spherical end 
which practically closes the entrance, at the fire side, to the cavity 
beneath the plug. When the alloy is fused the plug i) is not blown 
right out into the fire but after dropping a certain distance is held 
suspended, while at the same time a free way is provided for the 
escaping steam. This is effected by means of the llange on the plug 
H and the ribs It on the interior of A. The hanging plug is then 
visible to the stoker when he is firing and warning is therefore given 
even, when the tire has ju*t been lighted, before sufficient water lias been 
fed into the Unler to cover the furnace crown, in which case the 
crown might become over-heated before any steam was provided. 

The fusible metal is subject to deterioration due to exposure to 
heat and it should be ronewed at intervals of, say, two years. 



CHAPTER IX 

STEAM BOILER ACCESSORIES 

128. Feed Pumps.-' The appliances in common use for delivering 
che feed-water into steam boilers are : reciprocating pumps, rotary 
pumps, and injectors. The reciprocating pumps are either single or 
double acting. A single acting or plunger pump delivers water during 
alternate strokes while a double acting pump delivers water during 
each stroke. 

There are many designs of reciprocating pumps, the difference in 
design being largely due to the way in which the pump plunger or 
piston is driven. The pump may be driven through levers or cranks 
and connecting rods from the main engine, but more generally the 
pump has its own steam cylinder and is worked independently of 
the main engine ; the pump is then called an independent feed 
pump. 

The most common form of independent reciprocating feed pump is 
that in which the steam cylinder is directly opposite to the water 
cylinder, the rod of the steam piston being connected directly to the 
plunger or to the rod of the water piston. An example of this type of 
pump is illustrated and described in the next Art. 

Rotary pumps are generally of the high speed centrifugal type, 
driven directly by a small steam turbine or by an electric motor. 

129. Weir’s Feed Pump. — A well known form of direct acting 
reciprocating feed pump is shown in Fig. 187. The principal feature 
of this pump is the ingenious valve gear for distributing the steam to 
the steam cylinder. Before the valve gear in detail is considered, a 
general description, in the form of a list of parts, will be given «as 
follows : 

1. Steam cylinder. 

2. Steam piston. 

3. Piston rod. 

4. Pump cylinder. 

5. Pump piston. 

6. Pump rod. 

7 and 8. Seats for pump suction and delivery valves. 

9. and 10. Guards to limit lift of suction and delivery valves. 

11. Columns fixing distance between valve seats and valve 

guards. 

12. Screw passing through pump valve chest cover to secure valve 

seats and valve guards. 

178 
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13. Main crosshead, a steel forging, screwed the full depth, split on 
one side and bolted. The ends of the piston rod and pump 


rod are screwed 
into this cross- 
head, butt hard 
on each other and 
are locked by the 
tapered pin p 
which bears on the 
ends of the rods 
only. 

1 4. Steam valve chest. 
lf>. Steam stop valve. 

16. Exhaust stop valve. 

1 7. Lubricatorfor steam 

valves and piston. 

18. Valve gear lovers. 

19. Fulcrum of valve 

gear levers. 

20. Oosshcad pin hav- 

ing sliding con- 
nection with valve 
gear levers. 

21. Auxiliary steam 

valve spindle. 

22. Bottom spindle. 

23. Double joint con- 

necting 21 and 22. 

24. Crosshead ‘between 

levers (18). The 
bottom spindle (22) 
passes through 
this crosshead and 
the a u x iliary steal n 
valve is operated 
by the crosshead 
striking the head 
h or nut n on the 
bottom spindle. 
Coming now to . the 
valve gear of the steam 
cylinder. The valves and 
valve chest are shown 
in detail in Fig. 188. 

There are two slide 
valves, the main valve 



A and the auxiliary Fig. 187.— Weir’s feed pump, 

valve B. The main 


valve is cylindrical, the middle part being cut away to give a flat 
face for the auxiliary valve to work on. The main valve has a shuttle 
motion and is sometimes called the shuttle valve . 
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Tn Fig. 188 (a) is a cross-sectional elevation of the valve chest and 
valves ; (/>) is a longitudinal-sectional elevation of the valve chest, 
the valves being removed in order to show the ports leading to the 
cylinder; (c) is a sectional plan of the valve chest and valves; (d) is 
an elevation of the main valve looking on the flat back upon which the 
auxiliary valve works ; (e) is an elevation of the main valve looking 
on the curved face; ( / ) is an isometric projection of the auxiliary 
valve. 

The main valve A distributes steam to the cylinder. The auxiliary 
valve B lias two functions ; it distributes steam to work the main 



Fro. 188. -Valve cjhost and steam valvos of Weir’s feed pump. 


valve, and its upper and lower edges cut off steam entering the main 
ports 0 and I) leading to the bottom and top of the cylinder. The 
main valve projects beyond the port face of the valve chest and fits 
into cylindrical caps L in which the valve reciprocates. These caps 
are held in position by the end covers M and by ribs N cast on the 
chest. The flat back of the main valve contains the ports G, D, E, and 
F with the exhaust ports II in the centre. 

The operation of the valves during a double stroke of the pump is 
as follows : — When the piston is at the bottom of its stroke the main 
valve is in the right hand position as shown at (c), the auxiliary valve 
is at the bottom of its stroke, and the ports 0 and passages leading to 
the bottom of the cylinder are open to steam which forces the piston 
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upwards. When tho piston reaches half-stroke the tappet motion 
(Fig. 187) begins to operate and the auxiliary valve B begins to rise. 
At about three-quarters stroke the auxiliary valve closes the port C 
leading to the bottom of the cylinder and the remainder of the upward 
stroke of tho piston is performed by the expansion of the steam already 
shut into the cylinder below the piston, or by more steam admitted 
through the by-pass to be described presently. l>y the time the piston 
reaches the top of its stroke the auxiliary valve has opened tho port F 
to steam and the port E to exhaust and tho main valve has lieen 
thrown over to the left, but before completing its stroke the main 
valve cuts off the exhaust through E and the remaining enclosed 
steam acts as a cushion and prevents the main valve from striking the 
end cover. The main valve being now in the left hand position the 
port 0 which admitted steam to move the piston up is open to 
exhaust and the jiort 13 leading to the top of the cylinder is open to 
steam. 

The action described above also takes place on the down stroke; 
the piston moves half its stroke before beginning to move the auxiliary 
valve, which again cuts off steam at about three-quarters of the stroke. 
The remainder of the stroke is performed by the expansion of tho 
steam in the cylinder or by fresh steam admitted through the by-pass. 

Under certain conditions the pump wiil not complete i*s stroke by 
tho expansion of the steam in the cylinder; for instance, if the pump 
were started with the cylinder cold, the steam would condense rapidly 
and fall below the pressure necessary to move the piston. In such 
circumstances steam is admitted through ports J and K, in the caps L, 
which are brought opposite extensions J and K of the ports 0 and D 
in the main valve by turning the caps. This turning of the caps is 
done by hand from the outside by the arrangement provided at each 
end of the valve chest. The by-passes are closed after the pump is 
proporly started. 

130. Injectors. — Tho injector is a simple appliance for feeding a 
boiler with water by the direct use of steam from the same boiler or 
even of steam of a lower pressure as in the exhaust steam injector 
which utilizes the stoain discharged by a non-condensing engine. The 
injector was invented by (iiffard, a French engineer, in 1858. 

A well-known modern form of injector is illustrated by Fig. 180, 
which is a longitudinal section of Holden and Brooke’s automatic 
restarting injector. 

Steam enters at A and (lows into tho steam cone B. In rushing 
across tho opening at the lower end of B a partial vacuum is formed 
around that opening and water entering at C mixes with the steam in 
the combining cone DE, the steam being condensed. This condensation 
of the steam augments the vacuum and increases the flow of water. 

Tho steam rushes through the steam cone with a high velocity and 
a very considerable velocity is given to the water in the combining 
cone 13E which converges towards E where the passage is narrowest. 
At this point the velocity of the water, and therefore its kinetic energy, 
is greatest, but its pressure energy and therefore its pressure is not 
sufficient to overcome the pressure in the boiler. 

Below E is a diverging cone EF which reduces the velocity and 
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therefore, by the well-known theorem of Bernoulli, increases the pres- 
sure of the water, the increase of pressure being sufficient to enable it 
to enter the boiler. In order that the injector may act properly there 
must be a more or less definite relation between the quantities of steam 
and water entering the injector, the relation being different for different 
steam pres sums. The ratio of steam to water is greater the lower tho 
pressuro of tho steam. 

The relation between the 
quantities of steam and water 
is regulated by turning tho 
handle H attached to the 
top of the spindle K. This 
spindle can only rotate, axial 
motion being prevented by 
the collar L. The lower part 
of the spindle has a screw 
of rapid pitch formed on 
it which works in a nut 
which is in one piece with 
the steam cone B. This nut 
and the steam cone are pre- 
vented from rotating by the 
feather key N. It follows 
that any rotation of the 
spindle K will raise or lower 
the steam cone B. 

The lower cud of the 
spindle forms a steam valve 
whose seat is the entrance to 
the steam cone. The lower 
end of the steam cone forms 
a water valve whose scat is 
the entrance to die combin- 
ing cone. Hence a down- 
ward movement of the steam 
cone increases the supply of 
steam and diminishes the 
' supply of water. Conversely, 
an upward movement of the steam cone diminishes the supply of 
steam and increases the supply of water. For any particular steam 
pressure there is a part icular posit ion for the steam cone which will give 
the proper mixture of steam and water, and this position is obtained 
by turning the handle H until the pointer P is opposite to a point on 
a scale engraved on the ring R which indicates the $team pressure. 

The combining cone is interrupted at and this gap communicates 
with the overflow branch O through the flap valve V. There is also a 
lateral opening in the combining cone at E which is in constant com- 
munication with the overflow passage. When the injector is working 
normally, the steam and water being in proper ratio, there is no escape 
of steam or water through the overflow passages. 

There is a stop valve on the steam pipe which leads from the boiler 
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to the branch A, and assuming that the handle FI has been properly 
set the injector is started or stopped by operating this valve. In 
starting, the steam blows through, opening the vaive V and rushing 
through the overflow passages until the water arrives in sufficient 
quantity when, a partial vacuum forming in the combining cone, the 
valve V closes automatically. Also, should the action of the injector 
be interrupted through a temporary derangement of tlte steam or water 
supply, the injector will restart automatically, the valve V opening and 
the action just described for starting taking place. 

A feed check valve is of course fitted at the boiler end of the pipe 
which leads from the lower end of the injector to the boiler. 

As a heat engine for pumping water the injector has a very low 
ofliciency, but when acting as a feed pump and there is no waste at the 
overflow nearly all the heat taken from the boiler in t the steam is 
returned in the feed water. 


A theory of the injector is discussed in Art. *291, p. 106. 

131. Feed- Water Heaters. — Apart from the question of economy 
of fuel duo to heating the. feed-water before it enters the boiler, this 
practice is of great benefit to the boiler considered as a structure 
because it reduces the range of temperature between different parts of 
the boiler, and in consequence diminishes tlie stresses due to unequal 
expansion. Also, the hotter the feed water the smaller i*. the amount 
of heat which must be given to it in the boiler, and therefore the mure 
rapidly will it bo evaporated, and this more rapid evaporation may be 
accompanied by a quicker circulation of the water in the boiler which 
makes the heating surface more effective. 

There are two principal classes of feed-water heaters : (1) Those 
which take the heat required from the wa*te furnace gases. Heaters 
of this class are called economizers. (2) Those which take the heat 
required from steam, which is generally, (a) the exhaust steam from 
non-condensing engines, but it may be, (b) steam which has done work 
in one or more stages in a multi-stage expansion engine but has not 
been through all the stages, or it may bo partly (a) and partly (//). 
Also, (c) the steam used in the heater may be live steam direct from the 
boiler, in which case the heater is called a a liv :• steam feed- water heater. 

132. Gain due to Feed-Water Heating. - Let = heat of 1 lb. 
of water entering heater ; h» =• heat of 1 lb. of water leaving heater ; 
H = total heat of l lb. of steam at boiler pressure. Then gain per cent. 

. , . • , „ * , 100 > 

duo to heating the feed water is } t 

If and L denote the inlet and outlet temperatures respectively of 
the water in the heater then it will be sutlieie?itly accurate for practical 
purposes to substitute t i and Lfor k x and h, respectively if the tempera- 
tures are Centigrade, and' j- 32, and t> — 32 if the temperatures are 
Fahrenheit. 

The gain stated above is based on the assumption that the heat 
used in the heater would otherwise be wasted. 


When the feed-water is heated by live steam direct from the boiler 
it would seem that, apart from the advantages due to using hot feed- 
water mentioned in the preceding Art., there can be no saving of fuel 
by this method of heating the feed water. In fact it would appear to 
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be a ease of “ robbing Peter to pay Paul.” This question has been 
frequently discussed and careful tests have been made, but the evidence 
so far is conflicting. In a paper in the Proceedings of the Institution 
of Mechanical Engineers for 1008 Professor J. Goodman mid Mr D. If. 
Maclochlan described careful tests of a boiler without ?\ feed-water 
heater and with a live steam feed-water heater which appeared 1 to 
prove that there? was absolutely no saving in fuel due to the use of the 
heater. On the other hand careful tests reported by Professor A. H. 
Gibson in the Transactions of the Institution of Engineers and Ship - 
builders in Scotland for 1911 appear to show that there was a saving 
of 5 per cent, under a light load and 8 per cent, under a heavy load due 
to the use of a live steam feed water heater. 

133. Green's Economizer. -The feed-water heater knows as Greeks 
economizer utilizes the otherwise waste heat of the flue gases and has 



been very extensively used for stationary lioilcrs, especially those of 
the Lancashire type. This economizer, which is illustrated by Fig. 190, 
consists of a large number of vertical pi [ms or tubes A placed in an 
enlargement of the flue between the boiler or boilers and the chimney. 
The tubes are of cast iron 9 feet long, 4j r ; inches external diameter, 
and j”? inch thick. The economizer is built up of transverse sections, 
a section consisting generally of six or eight vortical tubes jointed to 
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horizontal pipes or boxes B and C at top and bottom. The top boxes 
B of the different sections are connected to the pipe I), while the 
bottom boxes C are connected to the pipe E. The pipes D and E 
are on opposite sides and are outside the brickwork enclosing the 
economizer. The pipe E has outside openings in it opposite to the 
bottom boxes, giving access to these boxes for cleaning purposes, 
the openings being closed by the oval shaped covers shown. The feed 
water is pumped into the couomizer at F and from the pipe E passes 
into the bottom boxes 0, then up through the tul>cs A into the top 
boxes B from which it is led by the pipe 1) to the pipe H which leads 
to the boiler or boilers. 

At the end of the pipe E opposite to the feed inlet there is a blow- 
off valve through which any mud or sediment deposited in the bottom 
boxes may be discharged. Also, at the end of the pipe J) opposite to 
the feed outlet there 
is a safety valve fv 
loaded to blow off 
at a pressure a little 
higher than that of 
the boiler safety 
valves. 

it has been found 
to be very essential 
that the vertical 
tubes be kept free 
from deposits of soot 
which greatly reduce 
the efficiency of the 
economizer. For this 
purpose each tube Fin. 101. 

is provided with a 

scraper JS. The scrapers of two adjoining sections of tubes are 
grouped together and coupled by rods and chains to the adjacent group 
of scrapers. The chain passes over a pulley P so that one group of 
scrapers balances the adjacent group. The pulley P of each chain is 
connected to a worm wheel W which is driven by a worm on a 
longitudinal shaft not shown in Fig. 190. The worm shaft is driven 
through gearing which automatically reverses when the scrapers have 
reached the top or bottom ends of the tubes. The scrapers are kept in 
motion continuously while the economizer is in use. The speed of the 
scrapers is slow, about feet per minute. 

The joints of the tubes and the boxes are slightly conical, turned 
and bored, and are forced together, metal to metal, by powerful 
hydraulic machinery. The sides of the top boxes are planed so that 
when bolted togethor they form an air-tight roof for the economizer. 

The temperature of the feed water entering the economizer should not 
he less than about 35° C. (Of/ 1 F.), otherwise there is a danger of corrosion 
due to the moisture in the flue gases being deposited on the cold tubes. 

By-pass arrangements for the flue gases and feed-water must 
always he provided so that the economizer may be put out of action 
when necessary. Fig. 191 shows an arrangement of the flues of an 




184 


HEAT ENGINES 


economizer for two Lancashire boilers. When the economizer is in 


use the dampers L and M are open while N is closed. By closing the 


damoers L and M and opening the 
damper N the flue gases are sent 
direct to the chimney and the 
economizer is put out of action, the 
feed water being of course at the 
same time sent direct to the boilers. 

When an economizer consists of 
more than 9tf tubes it is usual to 
arrange the tubes in groups with a 
passage between adjacent groups for 
inspection purposes. In Figs. 190 
and 191, 11 is such a passage. I t 
is also advantageous to provide a 
passage at one side, this passage 
having two hinged cast iron de- 
flectors T shown in Fig. 191. 

134. Surface Condenser Type of 
Feed-Water Heater. — The most 
common form of feed-water heater is 
that in which the water is heated 
by steam which does not come into 
direct contact with tho water but 
is separated from it by the walls of 
metal tubes. The steam used is pre- 
ferably exhaust steam which would 
otherwise be wasted. Fn some de- 
signs of this type of heater the 
steam passes through the tubes and 
the water to be heated surrounds 
them, but the heater is more elf be - 
tive if the steam surrounds the 



tubes and the water is pumped 
through them. Also, in the former 
case the casing containing the tubes 
is under the same pressure as tho 
water which is the full boiler pres- 
sure, while in the latter case the 
casing is only under the pressure of 
the exhaust steam. 

For convenience of cleaning, the 
tubes should be straight and there) 
should be provision for their free 
expansion and contraction with 
changes of temperature, and this 
should preferably be made with- 
out the use of glands and stuffing 
boxes. 



A good design of surface feed* water heater is shown in Fig. 192 
which illustrates Weir's multiflow feed-water heater . In the heater 
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shown there are forty-two solid drawn copper tubes. For the sake of 
clearness only two tubes T are shown in the upper view but they are all 
indicated in the lower views. The tubes are expanded at their ends 
into cast iron headers A and B, of which A forms the top cover of the 
cylindrical casing C. The bottom header B is suspended from the top 
header A by the tubes and is free to move inside the shell when the 
tubes expand or contract. The top header A has projections D 
cast on it for supporting the heater. 

The headers are divided into compartments by radial ribs, and six 
tubes enter each compartment, except the compartments at the inlet 
and outlet in the top header which take three tubes each. Opposite 
to the ends of the tubes there are holes in the headers fitted with 
screwed brass plugs E to permit of tin* fixing or renewal of the tubes. 

The water to bo heated enters at F into the compartment H in the 
top header and passes down three tubes to a compartment in the 
bottom header from which it rises through the three adjacent tubes 
into the compartment K in the top header. From K the water passes 
downwards through three tubes to a compartment in the bottom 
header and so on up and down through three tubes at a time until 
after going seven times down and seven times up it arrives in the 
compartment adjacent to II in the top header which it leaves at 
L on its way to the boiler. A valve casing attached to F and L 
contains the by-pass valves. 

The heating steam enters at INI and is deflected and distributed 
over the tubes by the hollow piece X. The condensed steam is 
drained away through a valve at O. 

The heater is placed on the delivery side of the feed pump and is 
therefore between the feed pump and the boiler. 

135. Weir’s Direct Contact Feed-Water Heater. — The feed-water 
heater shown in Fig. 11)3 has been very extensively used on board ship. 
The feed water is heated by direct contact with steam which is taken 
from the low-pressure receiver of the main engines and also from the 
exhaust of the auxiliary engines such as feed-pumps, electric light 
engines, etc. The steam for heating is led by the pipe A to the non- 
return valve B through which it passes into the interior of the heater. 
The water to be heated is pumped in at C and passes through the 
spring-loaded valve D in a thin conical sheet and is at once heated by 
direct contact with the steam. The water is further broken up into 
fine spray by passing through the conical spray piece S, thereby bringing 
the greatest possible surface into contact with the steam. A perforated 
cylindrical waist-pieco If forming an annular st-eain space round the 
heater further ensures the uniform mixing of the steam and water. 

The heated water and condensed steam, at the boiling temperature 
corresponding to the pressure, drop into the? lower part of the heater in 
which there is a float E, a water-tight pan open at the top. This float 
is suspended on two forked lovers so that it remains vertical as it rises 
and falls. The spindle of the top lever is carried through the door at 
one end and the extended spindle carries outside the heater a lever and 
weight which balance the float. The float is always full of water, and 
the weight is adjusted to balance when one half of the float is immersed 
in water. 
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The weight lever is connected by a rod to another lever which 
actuates the throttle valve F and controls the supply of steam to the 
feed pump which takes the water from the heater at IT. In this way 
the level of the water in the heater is kept practically constant and the 
pump is kept full of water. The steam from the boiler to work the 
feed-pump enters the throttle valve at M and leaves at N. 




H 


Fig. 108.—' Weir’s direct contact food- water Leo ter. 



As the pressure in tho heater is generally much less than that of 
the entering water, the effect of this lowering of the pressure, and 
sudden heating of the water, is to liberate the air in the water, and 
this is removed to the condenser or to the atmosphere by a small cock 
K on the air vessel V placed on the top of the heater. The feed water 
is thus rendered non-corrosive. 

A pressure gauge P shows tho pressure of tho entering water which 
is fixed by adjusting the spring over tho valve I). Another pressure- 
gauge Q shows the pressure within the heater. It is a relief valve 
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whose outlet is at O. T is an atmospheric valve which prevents the 
formation of any considerable vacuum in the heater. 

Feed-water heaters of the type described above, not being under 
pressure, are placed as high as convenient above the feed pump so that 
the latter may deal more effectively with the hot water from the heater 
which is on the suction side of the pump. 

136. Feed-Water Filters. — The condensed steam from a condensing 
engine forms nearly the whole of tho feed-water for the boilers of such 
an engine. This condensed steam has in it a considerable quantity of 
oil which nas been used in lubricating the internal parts of the engine. 
Since oil has an injurious effect 
on the boilers it is usual to pass 
feed water containing oil through 
a lilter, two examples of which 
will now be described. 

In the lilter shown in Fig. 

194 the water enters at L from., 
the feed pump and passing 
downwards in the direction of 
the arrows flows through the 
filtering material H into t lie 
chamber 13 and then upwards 
through the valve B to the out- 
let <3 on its way to the boiler. 

The filter proper consists of 
a number of perforated dia- 
phragms which together form 
deep corrugations around the 
chamber lb The filter- medium 
H is a textile fabric made in 
tho form of a sleeve which is 
drawn over the corrugations 
and by means of strong twine 
and with slip knots is pulled in 
between the corrugations and 
then tied. 

The valve A has two faces and controls tho inlet to the filter and 
the by-pass O to the boiler. As shown the by-pass is closed. By 
shutting down the valve A and closing the valve B the filter is shut oft 
and the feed- water passes through C directly to the boiler. 

The filter is cleaned by blowing through as follows. First shut down 
the inlet valve on its lower seat and then shut the outlet valve B. Open 
the drain cock E and open the valve A slightly. This will cause a suffi- 
cient rush of water over the filtering material to wash it on the outside. 
Next shut down the valve A and open B. This will cause a rush of water 
from the boiler through the filtering material and through the drain cock. 

To renew tho filtering part, the filter being shut off, open the drain 
cock E to empty the filter chest G. The door F may now be taken off 
and the filtering part replaced by a spare one. 

One form of the Harris feed-water filler 1 which has been very largely 

1 Made by Harris Patent; Feed- Water Filter (1910), Ltd.. Newaastlo-on-Tyne. 



188 


HEAT ENGINES 


used is shown in Fig. 1 95. The body of the filter surmounts the valve 
chest, forming with it one casting. The Inxly, usually cylindrical, 
contains a pile of- gun-metal grids. The form of these grids is more 
clearly shown at (a). Each grid consists of an outer rim A and an 
inner rim 13. The upper and lower edges of these rims are machined 
and within each there is a shallow recess. The rims are connected by 



Fig. IDS.— Harris feed-water filter. 


radial arms C. Ports 1) are provided in the inner and outeii rims 
respectively of alternate grids. 

The bottom grid rest* on a ring of jointing material on the machined 
bottom of the filter body. Tbo ports of this grid are in its inner rim. 
In the upper recess of this grid is laid a disc of tinned coppe»*-wire 
gauze, and above that a circular filter cloth, of closely- woven flux fibre, 
with a central hole, which overlaps the machined edges of the inner 
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and outer rims. The next grid, the ports of which are in the outer 
rim, with its gauze discs is placed upon the doth which is thus held 
between both rims of the two grids and therefore makes a watei tight 
joint. The third grid, with poits similar to the first one, together with 
its gauze discs and filter cloth then follows and thus the filtering portion 
is built up and is surmounted by a strong cover E. The body oover F 
is then placed and secured in position and the pile of grids compressed 
by the holding-down screws 11. 

The action of the filter is as follows. The dirty water entering at 
K from the feed pump is admitted by the valve L to the chamber M 
formed by the inner rims of the pile of grids. It then passes through 
the ports of the inner rims, through the filtering medium, and out by 
the ports in the outer rims, as is dearly shown by the arrows in the 
detail illustration (a). The filtered water then passes through the 
valve N to the outlet O and thence to the boiler. 

As deposit accumulates upon the cloths the pressure required to 
force the water through the filter increases. Two pressure gauges are 
provided so that the rise of. pressure can 1 m* observed, and should it 
exceed a certain predetermined amount, the spring-loaded by-pass valve 
It opens ivnd allows the water to pass diieet to the boiler. 

When dirty the filter is cleaned as follows. The inlet valve L and 
outlet valve N are closed and the boiler supplied for the time through 
the by-pass. The steam valve Q is opened and steam passed into the 
filter body to heat the contained water and thus soften and loosen the 
deposit. The sludge \alve P is then opened, and then by opening the 
valve N water under boiler pressure passes the reverse w T ay through the 
cloths and carries off the deposit through the sludge valve P. The 
sludge and steam valves are then closed, the inlet valve opened and the 
cleaned filter is once more in operation. 

The spring loaded relief valve N is (inly fitted when the filter has to 
pass Board of Trade survey requirements. 

137. Feed-Water Regulators.- - In boilers of small water capacity 
it is very necessary that the water level be maintained as nearly as 
possible constant, which means tlmt the rate at which the feed water 
is supplied must be the same as that at which it is evaporated in the 
boiler. 

A number of appliances which automatically regulate the feed- water 
supply are in successful operation. In most of these feed-wafer regu- 
lators use is made of a float, the rise and fall of winch operates, directly 
or indirectly, a valve in the feed pipe. In several designs the regulator 
is inside the boiler and the float acts on a feed-water valve in much the 
same way as the float in an ordinary storage cistern. 

In the White- Forster feed-water regulator, now' to be described, 
the apparatus is placed outside the boiler and tlio float operates a valve 
in a piston, which, under steam pressure actuates the valve in the feed 
pipe. This feed- water regulator is shown in Fig. 190. (a) is a vertical 

section, ( b ) an elevation, and (r) a plan. At (d) the greater part of 
the piston is shown to a larger scale. 

The chamber C containing the float F is connected to the steam 
space in the boiler by a pipe with a valve at S and to the water space 
by a pipe at W. The piston P, which is worked by steam pressure in 



190 


HEAT ENGINES 


the small cylinder Y, is connected to the feed regulating cock K 
through the piston rod It, the lever L, the link N, and the lever H as 
shown. The steam to the piston P is governed by the small valve V 
which is worked by the float F. The steam to this valve passes through 



Fig. 196. - Whitn-Forstor food -water regulator. 


the float, entering at the top and leaving at the bottom by the tube T ; 
this prevents water accumulating in the float, relieves it of all pressure 
and therefore enables it to he made of thin sheet brass and without 
balance weights. The lower part of the float contains water up to the 
level of the lower end of the tube T ; hence the buoyancy of the float 





STEAM BOILER ACCESSORIES 191 

and the level of the water in the iloat chamber depend on the position 
of the tube T. 

If the water level in the boiler falls so does that in the float 
chamber and the float lowers the valve V, which admits steam to the 
top of the piston P, through the passages shown, and drives it down 
until the steam port is again closed. On the other hand, if the water 
level in the boiler rises, the float raises the valve Y and connects the 
top of the piston with the exhaust pipe at E and the unbalanced 
pressure on the bottom part or small diameter of the piston forces it 
up until the port is again closed. The piston P therefore copies exactly 
the motion of the valve V and float F. 

To raise or lower the water level in the boiler the steam valve at S 
is closed and a blow* through valve at B is opened ; this drowns the 
float and the tube 'I 1 is then raised or lowered the desired amount by 
means of the hand wheel D. S is then opened and as soon as dry 
steam appears at B the valve there is closed and the regulator is again 
in working order. The effect of this is to alter the amount of water 
in the bottom of the float and so alter the buoyancy of the float and 
the level of the water in the float chamber. 

The water level for which the regulator is set is indicated by the 
pointer O and index or scale X. 

By means of the handle on the lever IT attached to the f-'ed-wafcer 
cock K tho free movement of the outside gear may be tested. At the 
bottom of the float chamber there is another lever U so arranged that 
the free action of the float and its connections may be test cd when 
necessary. 

Another form of feed- water regulator which has been highly 
successful is shown in Fig. 197 . This is the Crosby feed-water regulator , 
which is a very ingenious apparatus consisting of two principal parts, 
the regulating valve 1 through which tho feed- water pases on its way 
from the feed pump to the boiler, and the power producer or operator 2 
which actuates the regulating valve as required by the varying 
evaporation in the boiler. 

The operator is really a small boiler hermetically sealed and con- 
taining its own water supply, forming a closed system which is entirely 
independent of the main boiler. 

In the lower part of tho operator there is a partition 3, the space 
beneath which is in communication with the steam space of the boiler 
through the pipe 4 and also with the water space through the pipe 5, 
the water being cooled in vessel 6. 

The space above the partition 3 contains water and steam and the 
pressure of this steam, which is never high, depends on whether steam 
or water is in contact with the under face of 3. 

A rise or fall in the level of the water in tho boiler causes a 
reduction or an increase in the pressure of the steam in tho operator. 

When the steam pressure in the operator rises above the normal 
the pressure acting on tho column of water in the coil 12 and pipe 7, 
which lead to the upper face of the diaphragm 8 (Section c) contained 
in the diaphragm chamber 9, overcomes the resistance of the adjustable 
spring 10, and increases the opening of the regulating valve 1 and 
allows an increased amount of feed-water to pass to the boiler. When 
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the pressure in the operator falls below the normal the reverse action 
takes place. 

The sensitiveness of the operator to changes of water level in the 
boiler is increased by means of the corrugations 11 on the partition 3 
(Sections a and b). 

The temperature of the water upon which the steam acts in the 



Fig. 197. - Crosby feed -water regulator. 


operator is kept down, and the steam pressure is prevented from 
rising unduly by the large cooling surface presented by the coil 12 so 
that there is an entire absence of “ hunting ” and the feeding of Uio 
boiler is regular and continuous and in proportion to the rate of 
evaporation. 

The return of the water to the heating surface is under control by 
means of the needle valve 13 (Section d) which is adjustable externally 
thus allowing a correction to be made on it should the position in 
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which the operator has to work be either cooler or hotter than the 
normal. 

The regulating valve 1 being a double- seated valve gives a large 
area of opening with a comparatively small movement. 

The diaphragm 8 is made of specially thick rubber reinforced by 
canvas and is protected from the effect of heat by the cool water 
immediately above it. 

A pressure gaugo 14 is titled to the operator as an indicator showing 
at all times the position of the regulating valve. A supplementary 
gauge may be added at a lower level, as shown, when the upper gauge 
cannot be readily seen by the stoker. A jacking screw 15 is provided 
on the regulating valve lever 16 by means of which a minimum 
oponing of the valve and therefore a minimum feed is fixed if required. 

The apparatus works very rapidly and is sensitive to changes in 
the rate of evaporation which are scarcely apparent in the gauge glass. 

The whole apparatus can be put out of action instantly by pulling 
down the lever 16 and locking it with the pin 17. The valve is then 
in its full open position. 

138. Evaporators. — III an economical steam power plant the steam 
after doing its work in the engine is condensed and returned to the 
boilers. The same water is therefore used over and over again and if 
there were no loss of steam or water anywhere no new feed- water 
would be required for the boilers. But there is always a loss going on 
due to leakage at various points and to blowing off at the safety valves. 
This loss may generally bo taken at from 4 to 8 per cent, of the total 
feed- water. 

When there is no fresh water suitable for making up the boiler 
feed the water available must be treated in some way in order to 
purify it. On board ship, where sea-water only is available, the make- 
up feed- water is obtained by evaporating sea- water in a vessel called an 
evaporator , the steam produced from the salt water being passed either 
into a feed-water heater or into the condenser where on being con- 
densed it joins the main feed- water. 

The heat required to evaporate the water fed into the evaporator 
is supplied by steam taken direct from the boilers. 'Ibis beating steam 
passes through coils of tubes which are surrounded by the water in the, 
evaporator. The water resulting from the condensation of the heating 
steam drains into the hot well and is returned to the boilers. To 
prevent a too great accumulation of salt left from the water evaporated 
a brine pump is provided which removes, at a constant rate, a certain 
amount of the hot concentrated sea-water from the evaporator and 
returns it to the sea. 

A highly approved form of evaporator is shown in Fig. 198, which 
illustrates Weir’s evaporator. An index of parts is also appended. It 
may be added that the shell is of cast iron and that the heating surface 
is formed of heavy solid drawn copper tubes arranged in elements, 
each element consisting of a single tube coil with special hollow steel 
couplings on its inlet and outlet ends. These hollow couplings pass 
through a steam chamber cast on the side of the evaporator and are 
secured in place from the outside by means of a cap nut on the end of 
each coupling. 


o 



194 


HEAT ENGINES 


The outlet opening (8) from tho tubes is of smaller diameter than 
the inlet (7), with the exception of that in the lowest tube, which is a 
drain tube, and through which any steam passing through tho smaller 
outlets from the tubes above is again returned through the evaporator 
along with the water of condensation and drained to the hot well. By 



1. Shell of evaporator. 

2. Main door of evaporator for withdrawing 

tube coils (0). 

3. Hand cleaning door. 

4. Baffle plate or deflector. 

6. Supports for coils (0). 

6. Evaporating tube coils. 

7. Inlet steam couplings ior coils (6). 

5. Drain outlet couplings for coils (0). 

0. Coupling nuts for 7 and 8. 

10. Inlet steam header. 

11. Drain header. 

12. Drain collecting pocket. 

13. Inlet valve for steam coils (6). 

14. Valvo for drain from coils (0) to hot* well. 

15. Feed check valve. 

16. Brine valve. 

17. Salinometer valve. 

IS. Cock for blowing off to sea. 

19. Top cock for water gauge. 

20. Bottom cock for water gauge. 

21. Safety valve. 

22. Outlet valve for generated steam. 

28. Compound gauge for generated steam in 
shell. y 

24. Cock for compound gauge (23). 

26. Pressure gauge for inlet steam to coils (0). 



26. Cock for pressure gauge (25). 

27. Swing crane bar for door (2). 

28. Eye holt for supporting door (2) on crane 

bar (27). 

29. Connection from top of water gauge to 

steam space in evaporator shell. 


Fio. 198.— Weir’s evaporator. 




STEAM BOILER ACCESSORIES 


195 


this means the pressure in the standpipe chamber at the outlet end is 
always lower than in tho chamber at the inlet end, and a constant 
current is kept up through all the tubes, thus preventing any accumu- 
lation of air and water. Each element or tube can be taken out 
separately for cleaning. 

139. Reducing Valves. — The steam supplied to an engine should 
be as nearly as possible of uniform pressure. With boilers of tho 
Lancashire type or the Scotch marine type, which have a large water 
capacity, it is comparatively easy to maintain a nearly constant 
pressure, but with water-tube boilers, which hold a comparatively 
small quauity of water, it is more difficult to keep the pressure uniform. 
It is a common practice to work 
such water- tube boilers at a pres- 
sure higher than that for which 
the engine is designed. Tho 
steam is then passed through a 
reducing valve on its way to the 
engine, the function of this valvo 
being to maintain a constant 
reduced pressure on the engine 
side of the valve while tho higher 
pressure on the boiler side may 
be variable. 

There are also many cases in 
practice where steam of a lower 
pressure than that in the boiler is 
required, and steam of the re- 
quired lower pressure is then 
obtained by the use of a reducing 
valve. 

The principle upon which all 
reducing valves work is the prin- 
ciple of tho throttle valve. Au 
ordinary stop valve may be made 
to act as a reducing valve by 
opening it partially, the reduction 
of pressure being greater the 
smaller the opening of the valve, 
but if the opening is kept con- 
stant an increase or decrease of pressure on the supply side will be 
accompanied by an increase or decrease of pressure on the delivery 
side. 

In a proper reducing valve the amount of the opening of tho valve 
is regulated automatically so as to give a practically constant pressure 
on the delivery side, although there may be a variation of pressure on 
the supply side, but the pressure on the delivery side cannot of course 
exceed the pressure on the supply side. 

One form of reducing valve is shown in .Fig. 199 which illustrates 
the Auld type of valve. Steam of the higher pressure enters at A and 
passing through the valve V leaves at B at the required reduced pressure. 
The valve V is connected to tho loose fitting piston P by the rod R« 



Fig. 199. 
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Leakage past the piston is prevented by the flexible india-rubber 
diaphragm D. The diameter of the piston being the same as that of 
the valve the upward pressure of the steaiu on the valve is balanced 
by its downward pressure on the piston. "When steam is passing 
through the valve the pressure of the reduced pressure steam on the 
top of the valve V is balanced by the force exerted by the spring S 
acting through the lever L as shown. The force exerted by tho spring 
is fixed by means of the nut N, to which is attached the pointer T, 
whose position on the index X shows the pressure on the delivery side 
of the valve. 

A fall or rise of pressure at A is followed by a momentary fall or 
rise of pressure on the top of the valve V which, being forced upwards 
by the constant force from the spring S, will rise or fall until the 
pressure above the valve is tho reduced pressure for which the spring 
is adjusted. 

Water formed by the condensation of steam in the chamber above 
the piston protects the rubber diaphragm from the action of the steam 
and keeps it cool. 

The reduction of pressure due to the action of a reducing valve is 
accompanied by a slight drying or superheating of the steam. 

140. Steam Driers or Separators.— When steam supplied to an 
engine is not superheated it is almost certain to contain water 
suspended in it. This wntor may have been 
carried awav, as water, from the boiler, but 
even when the steam is dry on leaving the 
boiler there is, with stationary and marine 
engines, a certain amount of condensation 
in the steam pipe between the boilers and 
the engines. Since water carried by the 
steam is very objectionable in the engine it 
is a common practice with stationary and 
marine engines to provide a steam drier or 
steam separator near to the engine for the 
purpose of removing as completely as possible 
the water from the steam. 

There are numerous designs of steam 
separators but they all consist of a chamber 
through which the steam passes and in which 
the current of steam i§ made to change its 
direction and throw out the water by reason 
of its greater inertia. 

A simple form of steam separator is shown in Fig. 200 which 
illustrates a design of Messrs. Alley and Maclellan of Glasgow. The 
steam enters at A and passing in the directions of the arrows leaves 
at B. The water is thrown down into the lower part of the separator 
and is carried away by a pipe C, preferably connected to a steam trap. 
If a steam trap is not used the water collected by the separator must 
be discharged periodically by opening by hand a valve in the pipe C. 
A glass water gauge W exhibits the level of the water in the 
separator. 

In a design of separator suggested by Sir Charles Parsons, and 
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used on tlio Cunarri liner Aqnitania , tlio steam is made to pass 
through a number of grids of different metals. The aim in this design 
is not only to separate the water from the steam but to remove any 
corrosive elements which might attack the metals in the steam turbines 
by presenting to the steam the metals cast iron, steel, and brass iri tho 
separator where the corrosive elements in the steam might spend 
themselves on the renewable metal grids instead of doing so in the 
turbines. 

141. Steam Traps. — Steam traps are more often accessories to the 
engine than to the boiler, but it will bo convenient to describe examples 
of them here. The function of a steam trap is automatically to drain 
away or return to the boiler water resulting from tlio partial con- 
densation of steam in steam pipes, steam jackets, etc., without allowing 
any steam to escape. 



The majority of steam traps are either expansion trays or float 
trays. Most expansion traps make use of the expansion of metals by 
heat and also of the fact that the temperature of the water to be 
drained away is several degrees lower than that of the steam from 
which it comos. This difference in temperature is sufficient to produce 
differences in the lengths of tubes or rods sufficient to open a valve 
which allows the water to escape and to close it when the water is 
discharged. In float traps a closed hollow float in a closed vessel into 
which the condensed steam is led rises as the water increases, or a 
bucket in the closed vessel floats until enough water has run into it to 
sink it. The rising of the float or the sinking of the bucket is made 
to open the discharge valve and when the greater portion of the water 
has escaped the falling of the float or the rising of the bucket causes 
the valve to close. 

An example of a sitnplo and efficient expansion type of steam trap 
is shown in Fig. 201. This is Brooke’s steam trap made by Messrs. 
Holden and Brooke, Manchester. The trap is coupled at A to the 
drain pipe from the steam pipe or vessel to be drained. The water is 
discharged through the valve V and is led away by a continuation of 
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the drain pipe coupled to the trap at B. The expansion element is 
the brass tube T. When the tube T contains steam the valve V is 
closed. If water* enters the trap the tubo T contracts and the pro- 
jecting pieces C, on opposite sides of the coupling G, pressing on the 
middle of the rocking piece D cause the latter to turn about the 
rounded end E of the rod 11 and push the rod 8 which moves a distance 
twice that of C. The motion of the rod 8 is transmitted to the lever 
L, whose fulcrum is the pin F, and the tilting of this lever opens the 
valve V. As soon as the water is discharged steam arrives and the 
temperature of the tube is raised with the result that the tube expands, 
the rod S is slackened, and the spring FI forces the lever L upwards 
and allows the valve to close under tho pressure of the steam and the 

K 



SECTION AT X X 

Fig. 202. — “Sentinel” steam trap. 


force exerted by the light spring K. The screw N is adjusted so that 
when the valve is closed the sliding piece P between N and the valve 
spindle has a slight freedom vertically. To open the valve for the 
purpose of blowing through at any time it is only necessary to depress, 
by hand, the extension Q of the lever L. 

As an example of an efficient float or bucket type of steam trap 
the “ sentinel” trap, made by Messrs. Alley and Maclcllan of Glasgow, 
may be taken. This steam trap is shown in Fig. 202. The water 
to be drained away enters the casing C at A. The casing always 
contains sufficient water to float the bucket B to which is attached the 
spindle S. This spindle has attached to its upper end the valve V of 
which D is the seating. The valve and its seating are made of pure 
nickel. The spindle S has spirally formed vanes on it at E and F 
which can move easily inside the guide tube G. 

When the water has risen high enough ip the casing C it overflows 
into the bucket B which ultimately sinks and the valve V opens. 
The water is then forced up the gukte tube G by the pressure of the 
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steam and passing through the valve leaves the trap by the outlet H. 
When the bucket is nearly emptied it again floats and the valve is 
closed. 

The water flowing up through the guide tube impinges on the 
spirally formed vanes and causes the spindle S and bucket B to rotate. 
This rotary motion attains its maximum speed as the valve is about to 
close and by the fly-wheel action of the bucket the valve is reground 
each time the trap acts. Any roughness on the valve faces caused 
by grit is burnished over and remedied immediately it occurs, thus 
ensuring that the trap will keep tight indefinitely. It will be seen 
from the section at XX that when the trap is blowing off the inrush 
of water and steam strikes the bucket tangentially, thus accelerating 
the rotation of the bucket and assisting the regrinding action. 

By pressing on the knob K the rod L is depressed and the bucket 
pushed downwards and the valve opened. The trap may ‘therefore be 
blown through and tested at any time. The door M gives access 
for the cleaning out of any sediment which may accumulate in the 
casing. 

As a trap of this desigfl depends for its action on the retention 
of some water of condensation in the casing, it is necessary where 
the steam is highly superheated to protect fcb ; s water from re-evapora- 
tion by the insertion of about 10 feet of pipe between the steam range 
and the trap. 

142. Superheaters.— The following references to articles in this 
work on superheated steam, its properties, applications, advantages, 
etc., may be given here — Arts. 51 to 54, 143, 1 44, 173, 280 to 283. 

Superheating is effected by passing the boilor steam through an 
assemblage of steel tubes of comparatively small diameter forming the 
main part of the superheater. There being a continuous passage 
between the boiler steam space and the iuterior of the superheater 
there can be no change in the pressure due to superheating, but its 
volume increases as its temperature is raised. 

The superheater generally receives its heat from the hot gases 
leaving the boiler furnace but the superheater may be a separate unit 
having its own furnace independently fired. Generally the inde- 
pendently fired superheater is only used in connection with largs boiler 
installations. 

When the superheater is heated by the gases from the boiler 
furnace it is usual to place it, in the case of Cornish and Lancashire 
boilers, in the downtake at the back end of the boiler. In locomotive 
boilers and in marine boilers of the Scotch type the superheater is 
placed either in largo tubes or pipes which take the place of a number 
of the ordinary tubes, or in the smoke-box or in the uptake. 

The forms and positions of the superheaters used with Babcock and 
Wilcox and with Stirling water-tube boilers are shown in Fig. 98, 
p. 133, and Fig. 102, p. 137. 

In subsequent Arts. Sugden’s superheater, and Schmidt’s loco- 
motive superheater are illustrated and described. 

In nearly all superheaters attached to individual boilers provision 
must be made to prevent tho overheating of the tubes while steam is 
be big raised and when delivery of steam from the boiler is suspended. 
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The methods adopted for this purpose are — (1) Flooding the super- 
superheater with water from the boiler, this water being drained out 
before the delivery of steam from the boiler is commenced or resumed. 
(2) Diverting the hot gases or stopping their flow over the superheater 
tubes. (3) Circulating a comparatively small quantity of steam 
through the superheater, this steam being discharged into the 
atmosphere. . 

143. Sugden’s Superheater. — A form of superheater winch is 
extensively used in connection with stationary boilers, especially those 




Fig. 204. Fig. 205. 

of the Lancashire type, is shown in Figs. 203, 204, and 205. This 
is Sugden’s superheater and is shown in Fig. 203 as applied to a 
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Lancashire boiler. The superheater is placed in the downfcake at the 
back of the boiler where the temperature of the flue gases is generally 
not less than 550° C. (1022° F.j. A superheater of this design is 
usually constructed to give a superheat of 40° C. to <J5° C. (104" F. 
to 203" F.). V 

This superheater consists of two inild steel boxes or headers B 
from which hang groups of solid drawn steel tubes T bent to U-form. 
The ends of those tubes are expanded into the headers as shown in 
Fig. 205. The tubes arc arranged in groups of four and one pair of 
headers generally carries ton of those, groups or forty tubes in all. 
Opposite to each group of tubes the headers arc provided with oval 
hand holes having external and internal covers (J and I) giving access 
to the ends of the tubes. The space between the headers gives access 
to the outside of the tubes for the purpose of inspection and cleaning. 
This space is closed by the covers E. Any tube may be taken out and 
replaced without disturbing the superheater as a whole. 

The branches on the headers for the inlet and outlet of the steam 
are forged on the headers and have steel flanges screwed on to them as 
shown in Fig. 204. Steam enters at one end of the rear header and 
leaves fit the opposite end of the front header. 

To prevent the overheating of the superheater tubes when steam is 
first being raised, and in order that the superheat or may Ik pul out of 
action at any time if necessary, a balanced damper F is provided and 
is operated % the handle H. As shown in Fig. 203, the superheater 
is iri action but by turning the damper F upwards into the vertical 
position the gases pass directly into the bottom flue without passing 
over the superheater tubes. By placing the damper in intermediate 
positions part of the gases will go over the superheater tubes and the 
remainder will pass directly to the bottom flue and varying degrees of 
superheat may thus be obtained. 

Fig. 203 also shows how the steam pipes may be arranged so as to 
pass the steam through the superheater or direct to the main as may 
be required. M is the main steam pipe, I*, Q, and R are stop valves. 
When tho superheater is in action the valves P and Q are open and R 
is closed. Whon steam is taken from the boiler direct to the main 
steam pipe M the valves P and Q are closed and R is open. 

144. Schmidt’s Superheater. — As a good example of a superheater 
giving a high degree of superheat the Schmidt superheater may be 
taken. The form of this superheater as used largely on locomotives is 
shown in Fig, 206. In the uppor part of the tube space of the barrel 
of the boilor there are two or more, generally three, rows of large 
tubes T expanded into the fire-box and smoke-box tube plates. These 
tubas have an external diameter of 4| inches to 5£ inches, but towards 
the fire-box this diameter is reduced. In each of these tubes is inserted 
a super heator element consisting of two sets of tubes bent to U-sliape 
forming a continuous double-looped tube t . The ends of this element 
are connected to a header or collecting casting in the smoke-box. 

The saturated or wet steam from the boiler enters the header at A 
and passes into the chamber B whicli is in communication with the 
saturated steam end of each superheater element. The steam then 
traverses the superheater elements to and fro and is delivered into the 
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chamber C of the header from which it passes to the steam pipes at S, 
to right and loft, leading to the cylinders. 

The superheater elements are made of seamless steel tubes, the 
ends near the fire-box being either screwed into cast steel U bends 
or they are welded to form the bends as shown in Fig. 206. The 
open ends of the elements in the smoke-box are expanded into flange 
blocks F which are secured to the header, each by one central bolt. 

As shown in Fig. 206 a separate compartment is formed in the 
smoke-box for the larger tubes containing the superheater elements, 
this compartment being provided with a damper D which regulates 
the draught through these tubes, and therefore controls the amount 
of superheat. When the steam is shut off from the cylinders by 
the closing of the regulator valvo the superheater is isolated by 
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Fig. 206. — Schmidt’s locomotive superheater. 


closing the damper D, as shown in Fig. 206, and overheating of the 
superheater elements is prevented. 

In the later designs of the Schmidt locomotive superheater the 
compartment for the superheater in the smoke-box, with its damper 
or dampers, is dispensed with by the introduction of a system of 
circulating automatically a portion of steam through the superheater 
elements when the regulator is closed. Before describing this system 
reference may be made to Fig. 207 which shows a more recent design 
of superheater than that illustrated by Fig. 206. In the later design 
the flange blocks F are loose on the tubes and are bolted against 
collars H fixed to the tubes. Also the nuts for pulling up the flange 
blocks are now on the top and out of the way of the current of hot 
gases and are more accessible than in the older type. 

Coming now to the system of circulating the steam through tho 
superheater when steam to the cylinders is cut off. This is carried out 
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by means of automatic by-pass valves shown in Fig. 208. There are 
two of these valves placed back to back, one for each cylinder. 
Pipes J connect the ends of each cylinder with its by-pass valve. 
Pipes K connect the cylinder steam pipe in the smoke-box to the 
by-pass valve cover, thus leading steam to the larger face of the 
piston P which forms the upper part of the valve V. A pipe L is 
taken direct from the boiler steam space (Fig. 207) to a cock, not 
shown, on the outside of the smoke-box, and thence to the underside 



Fig. 207. — Schmidt’s locomotive superheater. 

of each piston P. From the underside of the piston P of one of the 
valves a pipe Q is taken to the saturated steam side of the header 
(Fig. 208). Waste pipes W lead to the atmosphere. 

The steam cock mentioned above is opened when steam is being 
raised and is left open while the engine is in service. When the 
engine is running with the regulator open, steam is admitted from 
the cylinder steam pipe through the pipe K and acting on the larger 
face of the piston P closes the by-pass valve Y and the relief valve R. 
On closing the regulator the boiler pressure steam, always carried by 
the pipe L when the engine is in service, opens the by-pass valve V 
and relief valve R thus establishing a connexion between the ends 
of engine cylinder and the atmosphere through waste pip© W, so that 
steam from the boiler passing through the pipe L is led by the pipe Q 
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to the saturated steam side of the header, passes through the super- 
heater and into the steam pipe leading to the cylinder and then by 
the pipes J through the relief valve R and waste pipe W to the 
atmosphere. 

In the event of the engine standing in mid gear with all cylinder 
ports closed, provision is made to permit of circulation of steam 
through the superheater by the introduction of a port U in the valve 
casing controlled by the piston 1\ Thus when the engine is standing 
with regulator closed the piston valve is in the opon position and port 
U is uncovered. The circulating steam is therefore able to escape 
by port U and pipe W to the atmosphere. 



In the modification of the Schmidt superheater designed by Mr. 
John G. Robinson, chief mechanical engineer of the Great Central 
Railway, small jets of steam arc automatically blown into the large 
tubes containing the superheater elements, from the smoke-box end, 
when no steam is being used by the engine. This spoils the draught 
through these tubes and prevents the overheating of the superheater 
elements. 

It is common in locomotive practice when superheating is adopted 
to raise the temperature of the steam to about 340 1 C. (044° F.). 
With steam at 180 lb. per square inch pressure by gauge this means 
a superheat of about 147° 0. (205° F.). 

145. Thermal Storage. — There are many cases in practice, particu- 
larly in electric lighting stations, where the load on the engines is 
variable, reaching a maximum for two or three hours only every twenty- 
four hours, the maximum load being very much higher than the mean 
load. To provide boiler power in the ordinary way sufficient foi 
the maximum load would mean that at light loads the boilers would 
have to work very inefficiently. 

The thermal storage system introduced by Mr. Druitt Halpin was 
designed to meet such cases. Briefly, this system enables the boilers 
to work at a more nearly uniform rate by using the surplus steam 
at light loads to raise the temperature of extra feed-water to the 
temperature of the steam, this extra feed-water being stored in a 
vessel generally placed on top of the boiler. 
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Fig. 209 shows the thermal storage system applied to a Babcock 
and Wilcox boiler. The feed-water is pumped into the storage vessel 
at a rate greater than is required by the boiler at the lighter loads 
and from the storage vessel it flows by gravity into the boiler through 



the pipe P, its rate of flow being regulated to the evaporation in the 
boiler by the feed-regulating valve shown. The water in the storage 
vessel is heated by steam from the boiler which passes through the 
steam pipe shown, this pipe being always open. 


CHAPTER X 
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146. Volume of Chimney Oases. — An examination of the equation 
C + 0. 2 = C0 2 . which represents the combustion of carbon, shows that 
the volume of carbon dioxide produced is equal to the volume of oxygen 
used, and if the nitrogen associated with this oxygen and also the excess 
air bo added to both sides of the equation it follows that the volume of 
the chimney gases from carbon fuel is equal to the volume of the air 
used, the volumes being measured at the same temperature. 

In the combustion of hydrogen the equation 2 -f- O., = 2H 2 0 
shows that the volume of the steam produced is twice the volume of 
the oxygen used. But since the volume of steam in the products of 
combustion of most fuels is a small fraction of the total volume it will 
generally be sufficiently accurate to assume that the volume of the 
products of combustion or the volume of the chimney gases is equal to 
the volume of the air used, the volumes being measured at the same 
temperature. (See Exercise 1, p. 215.) 

Let w = weight of air used in lb. per lb. of fuel, then the weight of 
the products of combustion = w + 1 per lb. of fuel. 

Volume of products = 12*39 w cubic feet at 0° C. per lb. of fuel. 

Density of products = ^ lb. per cubic foot at 0° C. 

1 jj*ovW 

Let the temperature of the products or chimney gases be t° C., or 
t + 273 = T absolute. 

T 

Volume of chimney gases at t° C. = 12*39ia •- - Q cubic feet per lb. 

o 


of fuel. 

Density of chimney gases at t° C. = lb. per cubic foot.- 

147. Chimney Draught. — The draught produced by a chimney is 
due to the difference between the weight of the column of hot gas 
within the chimney and the weight of an equal column of cool air out- 
side the chimney. Let H (Pig. 210) be the height of the chimney, in 
feet, measured from the level of the grate of the furnace. Let T be 
the absolute temperature of the column of gas within the chimney and 
let Ti be the absolute temperature of the cool air outside. The 
pressure at the level of the grate due to the column of hot gas of 

height H, in lb. per square foot, is ~ • -jj,- • H. 
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The pressure at the grate due to a column of cool air of height II, 
l 273 

in lb. per square foot, is . - • II. The pressure causing the 

ij'jy 

draught is therefore 
1 273 TT w+ 1 273 


273 w+1 

12*39 T i2*39uj ' 


-.11 

L 

273H/ 1 
12-39VTJ ' 


w + 1 


,],) = P »>• P or sq. ft. 


Let h be the height of a column of hot gas (absolute temperature T) 
which would produce the pressure P. Then 


- V- W + 1 273 273ir ( 1 

1 ~ ‘ 12-39/w T "12*39 VT." 


w -f 1 
w 


Therefore 


1 \ w -i 

T/ 125 

= Il( i)^ * 

V//; + l T x 1 l 'S' 


w -f 1 


273 

T 


T 


i I 


3 

O I 


T 


If H is the height, in inches, of a column of water which will 

produce the pressure P, then 7/ = ^ = 4*244 - W ^ * • r j,). P 

The height V would be that shown 
by the ordinary U-tube water 
pressure gauge. 

The chimney draught is most 
effective when the maximum weight 
of hot gas is discharged in a given 
time and it will now be shown that 
this occurs when the absolute tem- 
perature of the chimney gases bears 
a certain ratio to the absolute tem- 
perature of the outside air. 

The velocity of the hot gas in 
the chimney is proportional to h 
and is therefore proportional to 

Again, the density of the hot 
'gas is proportional to r ^* 

Rut the weight of hot gas discharged in a given time is propor- 
tional to the product of the velocity and density and is therefore 

proportional to *,^/( T - T 1 ). Differentiating this expression 

and equating the result to zero it is found that ^ 

has its maximum value when T = - • T x . Inserting this value 

w 

of T in the equation, h — II ( w ^ j gives h = H. 
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If the temperature of the outside air is 10° C., then T x = 283. 
The temperatures of the chimney gases for most effective draught 
corresponding to w = 12, w — 18, and w = 24, when ^ = 283 are 
given in the following table : — 

10 , tlie weight of air used iti lb. per lb. of fuel 12 : 18 [ 24 

Temperaturo of chimney gases, dog. C. ab. scale ..... G13 ; 597 590 

„ 0. ord. | 340 i 324 317 

„ „ „ F ! G44 ’ 016 ; G02 


Since the weight of gas discharged by the chimney in a given time 
is proportional to ^ ^l) ant ^ s * nce maximum dis* 

charge takes place when T = . r L\ it follows that the maximum 

w 

discharge is proportional to , , U [ . /rB -- . 

-V + 

Hence when T is not equal to ^ ^ • T 1 the actual discharge 
expressed as a percentage of the maximum discharge is 
100 /( w „ „ \ 


iV(,+r T - T >) 


200( W +1)^T, // «n \ 

- ” wT v U + r 1 ~ 1 1 f 


2(w + l)VT a 

It is instructive to 

plot this against the * k | j 

temperature of the < s 9S L^4-'l_| J H 

chimney gases as shown ° - // 

in Fig. 211 for w = 12 “- 30 — L 

and 10 = 24 when the 1 ° i 10 = 24 lb. 

temperature of the air 5 * 85 ( — /- -[ 1 — 

is 10° 0., or T, = 283. feg u; = |2tb'. 

It will be seerifcthat H < 80 
the temperature of the 5 3 

chimney gases may he £ 5 200 s 300 6 400°” 500” C. 

lowered considerably 212° 392° 572° 752° 932° F, 

below the temperature TEMPERATURE OF CHIMNEY GASES 

for maximum discharge Fig. 21J. 

without reducing the 

discharge to any considerable extent. 

In addition to the symbols already used, let-- 
W = weight of fuel in lb. burned per square foot of grate per hour, 
a = total area of grate in square feet. 

A = cross sectional area of chimney at top in square feet. 
u = velocity of gases through top of chimney in feet per second. 

, ' . 12 39wWa T 

Volume of gases leaving chimney per second = qq x qq 273' 

12-39wWa T _ wWaT 
Hence “ ~ 60 X 60A ' 273 ~ 79322A 


|°; 1 m W=2Alb. 

Sjash^q— 4-_, 

w = \2tt>. 

h?80 

J S 100* 200* 300 s 400° 500° C. 

212° 392° 572° 752° -332° F. 

TEMPERATURE OF CHIMNEY GASES 

Fig. 21 J. 
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The relation between u and It the draught pressure in feet of hot 
gas, allowing for friction, is given by the following formula due to 
Pecleb -- 



Where l = whole length of chimney and fluo leading to it from the 
furnace, in feet. 

m = hydraulic mean depth of Hue and chimney = area of cross 
section divided by its perimeter. For a square section m is 
one-fourth of the side of the square, and for a circular 
section m is one- fourth of tlie diameter. 

f = coefficient of friction = 0-012 for gas moving over sooty surfaces. 

G = factor of resistance for the passage of the air through the grate 
and layer of fuel above it = 12 when W is 20 to 21. 

Inserting the above values of the constants / and G, 




h =* 



0-012 Jv 
m ' 


It has already been shown that h = ^ 

wW«T 

70 32 2 A’ 




also 


Hence, 



T - A- /*«Wfl f r\* i /mi 2i 
T a / V79322A/ 2^ + 


a formula which may be used in designing chimneys or to find the 
performance of a given chimney. Tho formula is based on the assump- 
tion that A and m are the same for the tlue and chimney throughout, 
which is not generally the case. When a number of boilers of the* 
same size and type are connected to the same chimney the length I may 
be taken as the length of flue for one boiler from the furnace to the 
chimney plus the height of the chimney. 

The following example illustrates the application of the foregoing 
formula t.o tho determination of the performaifce of a chimney. 


Given: H = 150, / = 150 + 00 = 240, A = 0-7854 x Or = 28*3, 
m = J = 1*5, to = 20, T = 257 + ^73 = 530, T 1 = 7 + 273 = 280. 
Tt is required to determine x the weight of coal burned per hour, 
a? = W a. 

lrA / 20 530 . \ ( 20 x 530 f __ / 0-01 2 x 240\ 

1->0 \ 2 i X 280 ' V 79:3*22 x 28*3 ' 2 x 32 : 2 \ "* l’-5 / 


Therefore x = 4828 lb. per hour. If the rate of combustion is 
20 lb. per square foot of grate per hour, then the total grate area would 
bo 4828 -f- 20 = 241-4, which would be that of eight Lancashire boilers 
each with a grate area of about 30 square feet. 

148. Empirical Formulae for Chimneys.— The formula towards 
the end of tho preceding Art., namely, 


H( 


w 

w 4- 1 




icWrtT \ 2 1 


79322 A 7 2fj 


) 2-i 13 + 


0 - 012 / 

in 
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may be simplified, as follows, for practical use. The factor (l3 + ^ ^"^) 

may be taken equal to 16, w = 20, T = 277 + 273 — 550, and 
T x = 10 + 273 = 283. 


Then 


H _ ^0-075W«J 


= 0-0056 


(" ! f 


The following formula by Mr. William Kent has been considerably 
used in practice 

P = 3*33(A-0-6VA)v'H 

where P is the rated horse-power of the boilers discharging their gases 
into the chimney considered, it being assumed that 5 lb. of fuel is 
burned per horse-power per hour. 

Hence 5 x 3*33 (A - O-Ov'AJv'H = Wa , 


and therefore H 


( 0 06Wa V _■ n-nn-W Wa V 
VA-O-G^A'' ° 03 ’VA - 0-GVA' 


0-6VA' 


149. Efficiency of a Chimney. — When a chimney is used to produce 
a draught it is necessary to have a temperature of waste gases higher 
than the minimum required when the draught is produced in some 
other way. Suppose that the temperature of the chimney gases is 
320° C. (608° F.) and that with artificial draught the minimum 
temperature of the waste gases as they escape into the atmosphere 
would be 150° 0. (302° F.). Then the extra heat carried away by the 
waste gases due to the higher temperature requiicd to produce the 
natural draught is (320 — 150) x 0*24 = 40*8 C.H.U. per lb. of gas, 
0*24 being taken as the mean specific heat of the waste gases 
between 150°0. and 320°C. The mechanical equivalent of this heat is 
40*8 x 1400 = 57, 1 20 foot-lb. The draught pressure in feet of hot gas is 

h = H ^ — l ) • Let H = 1 00, w = 20, and T, = 10 + 273 = 283. 

Then h = 996 feet. The maximum energy which this head will give 
to each lb. of gas is 99*0 foot-lb., and this is at the expense of an 
amount of heat whose mechanical equivalent is 57,120 foot-lb. The 

. - , , . . , _ 99*6 x 100 „ _ 

efficiency of the chimney is therefore 57 20~~ = 0*1/ per cent. 

The efficiency is evidently proportional to the height of the chimney, 
but even with the highest chimney ever constructed (less than 500 feet) 
the efficiency is less than 1 per cent. 

Thb temperature of the air being 10° C., then in the foregoing 
example the4ieat really used per lb. of waste gas to produce the draught 
is (320 — 10) X 0*24 = 74*4 C.H.U., but the difference between tins 
and the 40-8 C.H.U. found above would be carried away and lost in 
any ease and is therefore not charged to the chimney draught. 

150. Expenditure of Heat on Chimney Draught.— Using the data 
given in the preceding Art., for every lb. of fuel burned there are 21 lb. 
of waste gases and the excess heat which these gases carry away in 
order that the chimney draught may be produced is (320 — 150) x 
0*24 x 21 = 856*8 C.H.U. per lb. of fuel burned. Taking the calorific 



NATURAL AND ^ARTIFICIAL DRAUGHT 


211 


value of the fuel as 8000 C.H.U. per lb., the heat spent on draught is 
therefore 10*7 per cent, of the heat of the fuel in the case considered. 
^^51. Artificial Draught. — -The draught produced by a chimney is 
known as natural draught and draught produced in any other way is 
called artificial draught The principal contrivances used for producing 
artificial draught are the fan and the steam jet. The use of the steam 
jet for draught production is mainly confined to the steam locomotive. 

(The first point to notice about artificial draught is that the com- 
paratively high temperature of the waste gaso3 necessary for natural 
draught is not required when artificial draught is used. With artificial 
draught the reduction of the temperature of the waste gases is only 
limited by the requirements of the apparatus such as feed-water 
heaters or economizers used for utilizing the heat in the gases leaving 
the boiler. 

In practice there is no serious difficulty in reducing the temperature 
of the waste gases to, say, 100° C. (212° F.) by giving the heat to the 
feed-water. If the waste gases, leaving tho boiler have a temperature 
of say 325° C. (617° F.) and if tho weight of the waste gases is 20 lb. 
per lb. of fuel then a reduction of temperature to 100° O. means a 
saving of heat amounting to (325 — 100) x 0-24 x 20 = 1080G.H.U., 
which is 13*5 per cent, of the hoat of a fuel having a calorific value of 
8000 C.H.U. Of course against this saving must be placed the cost 
of the artificial draught and feed-heating plant less the cost of the 
chimney for natural draught. Ily cost is here meant maintenance, 
depreciation, and interest on tho first cost of tho plant referred tc£> 

When artificial draught was first introduced for boilers it was not 
simply as an alternative to natural draught, but because a higher 
draught pressure was required than could be conveniently or economi- 
cally produced by a chimney alone. (An increase of draught pressure 
is attended by a higher rate of combustion and a higher furnace 
temperature, and a less quantity of surplus air is sufficient for complete 
combustion. A higher rate of combustion and a higher furnace 
temperature means more heat produced and more steam generated in 
a given time. It follows therefore that with higher draught pressure 
a smaller boiler will develop the same power. Again, less surplus air 
means less weight of waste gases per lb. of fuel and therefore less loss 
of heat in these gases. J) 

One great advantage which artificial draught has over natural 
draught is that it may easily be regulated to suit the immediate 
requirements of the furnace. A sudden demand for more steam may 
be met by at once increasing the draught pressure and the supply at 
air necessary for an increased rate of combustion of fuel. 

Artificial draught is to a large extent independent of climatic 
conditions which often seriously affect natural draught. 

With the higher intensity of draught which may be produced 
artificially inferior qualities of fuel may be economically burned. 

\152. Fan Draught. — Th$ mechanical efficiency of a fan, measured 
by the ratio of the energy put into the air to the work to drive the 
fan, may be taken at not less than 50 per cent. The fan will generally 
get its power directly or indirectly from a steam engine and boiler, the 
combined efficiency of which may be taken at 10 per cent. Hence the 
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resultant efficiency of the fan may be taken at 5 per cent. But it has 
been shown in Art. 140 that the efficiency of natural draught is 
generally considerably less than 1 per cent. A fan is therefore a much 
more efficient instrument for producing draught than a chimney. Also, 
the first cost of a fan and a motor to drive it will generally be con- 
siderably less than that of a chimney to produco the same draught. In 
small boiler installations, however, where high efficiency is not so 
important and whero a comparatively low chimney is sufficient, natural 
draught is to be preferred. 

There are two principal ways of applying fan draught. In one, 
known as forced draught , the air passes through the fan before entering 
the furnace, and in the other, known as induced draught , the fan is 
placed near the base of the chimney and draws the air through the 
furnace. Since all the hot waste gases must pass through an induced 
draught fan, such a fan has a much greater volume to deal with than a 
forced draught fan for; the same boilers. If T 2 is the absolute tempera- 
ture of the air, and if T is the absolute temperature of the gases passing 
through an induced ’draught fan, then the volume of gas to be dealt 
with by the induced draught fan is greater than the volume of air to 
be dealt with by the forced draught fan in the ratio of T to T,. When 
T = 1 70 C. + 273 = 443, and 1\ 10° C. + 273 = 283 this ratio is 

is 1 *57 to 1. 

For the same intensity of draught and the same weight of air or 
gas per minute, the induced draught fan will be larger and require 
considerably more power than the forced draught fan. The induced 
draught fan must be specially designed to withstand the comparatively 
high temperature of the gases passing through it. 

There are two systems of forced draught, the dosed stokehold system, 
aijd the dosed ashpit system. Tn the closed stokehold system, chiefly 
used in the navy, the stokehold or room containing the boilers is made 
airtight and the fan forces the air into the stokehold so that the atmo- 
sphere in which the stokers work is under a pressure greater than that 
of the outside air. Communication between the stokehold and the 
outside is by means of double doors with a space between them forming 
an air lock. 

In the closed ashpit system the front of the ashpit is closed and the 
delivery pipe from the fan leads into ducts which conduct the air to 
the ashpits of tho various furnaces ; part of the air is delivered above 
the grate but the greater portion passes from the Ashpit through the 
grate. 

Comparing induced draught and the two systems of forced draught, 
induced draught is like natural draught in that the pressure within the 
furnace and boiler flues is less than that of the atmosphere and any 
leakage in the flues will be from the outside into the flues, increasing 
the volume of gas to be dealt with by the fan and increasing the heat 
carried up the chimney. 

In both systems of forced draught the pressure within tho furnace 
and boiler flues is greater than that of the atmosphere and any leakago 
in the flues will be from the flues to the outside. With the closed 
ashpit system, the pressure within the furnace being greater than that 
in the stokehold, the forced air supply must be cut ofF when the furnace 
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door is opened, otherwise the flames will be driven out with probable 
serious consequences to the stoker. It is best to arrange that the 
opening of the furnace door automatically shuts off the forced air 

Steam Jet Draught. — A jet of steam issuing from a nozzle 
placed in a pipe or chimney will drag with it the surrounding air or 
gas, producing a partial vacuum in its neighbourhood. The amount of 
the vacuum or the intensity of the draught depends on the pressure of 
the steam, the diameter of the nozzle, and the diamoter of the pipe or 
chimney. The axis of the nozzle should be in line with tire axis of tho 
pipe or chimney. Instead of a single jot there may be a considerable 
number of jets proceeding from small holes in a hollow ring, in which 
case tho axis of the ring should be in lino with the axis of the pipe or 
chimney in which the draught is to be produced and the axes of the 
jets should be parallel to the axis of the ring. 

When steam for the steam jet is taken direct from the boiler tho 
amount of steam to produce the necessary draught will not be less than 
•I per cent, of the whole steam produced by the boiler and will more 
generally be from 10 to 1 o per cent. Now since the steam required 
by an engine to drive a fan to produce the draught is only from 1 to 2 
per cent, of the steam produced by the boiler it is seen that steam jet 
draught is much more costly in steam consumption than fan draught. 
A steam nozzle is, however, simple, cheap to install, and does not readily 
get out of order. 

The steam jet may be placed in the chimney or iri the ashpit. An 
objection to placing the steam jet in the ashpit is that the steam, 
which does nob support combustion, carries with it from the furnace a 
considerable amount of superheat iuto the chimney, tho specific heat 
of tho steam being about double that of the other waste gases. It. is 
however found that with inferior qualities of fuel, which, when burned 
form a considerable amount of clinker which clogs the grate, it is 
advantageous to have a steam jet in the ashpit. In this case the 
decomposition of the steam which takes place when it passes through 
the red-hot fuel has a chilling effect which prevents tho formation of 
clinker. The heat lost by this decomposition is recovered in the 
burning of the liberated hydrogen above the fire. 

When the steam generated in a boiler is used in a non-condensing 
engine the boiler draught may be produced at little extra cost by 
directing the exhaust steam from the engino through a blast pipe and 
nozzle in the chimney, as is always done in steam locomotives. In this 
case the greater the power required of the engino the greater is the 
amount of steam to be delivered by the boiler and the greater is the 
amount of the exhaust steam, and consequently the greater the draught 
produced. The draught is therefore automatically adjusted to suit the 
requirements of the boiler. 

154. Heating Air Supply. — In fan draught systems it is a common 
practice to heat tho air on its way to the furnace by causing it to pass 
through or over a nest of tubes over which or through which the 
waste gases are made to pass. In this way the air before entering the 
furnaces may be raised in temperature to 120° C, (248° F,) or even to 
175° C. (347° F.), depending on the heat available in the waste gases. 
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If fj is the temperature of the atmosphere, t 2 the temperature to 
which the air is raised by the heat from the waste gases, and to the 
weight of air used per lb. of fuel, then the direct saving of heat per lb. 
of fuel is 0*233 — t{) t where 0*233 is the mean specific heat of the 

air. This is however not the whole of the saving due to the heating 
of the air supply. There is, in addition, the advantage of a higher 
temperature of combustion in the furnace. 

155. Intensity of Draught and Rate of Combustion.— Theory 
indicates that the velocity of the air through the grate and the fire above 
it is proportional to the square root of the difference of pressure under and 
over the fire. But the rate of combustion of the fuel is approximately 
proportional to the rate at which the air is supplied for its combustion. 
Hence, if W is the rate of combustion in lb. of fuel per square foot of 
grate per hour, and h 2 the pressures under and over the fire, in 
inches of water, then approximately W = c^/h l — h 2i where c is a 
constant. In tests made by Mr. E. Lechner 1 with a locomotive type 
of boiler on a torpedo boat, c varied from about 72 to 80 and had an 
average value of about 80. In these tests the closed stokehold pressure 
varied from 1*97 to 6*8 inches of 

water. U III ghate 

With natural draught from a \\ U p— — — 
chimney of moderate height, pro- &SHP&N J 

ducing a vacuum at its base of from — 

j to £ inch of water, the rate of AIR < rnrr A 

combustion is from 15 to 25 lb. Fig. 212. 

per square foot of grate per hour. 

With a high chimney producing a vacuum at its base of about J incli 
of water the rate may reach 30 lb. per square foot of grate per hour. 

* With moderate forced draught producing a pressure in the ashpit 
of ^ to 1 inch of water in addition to a chimney draught of about 
J inch of water the rate of combustion is from 25 to 35 lb. per square 
foot per hour. In water-tube boilers a rate of 50 to 60 lb. per square 
foot per hour is obtained with a pressure in the stokehold of 2 to 3 
inches of water. 

The highest rates of combustion occur in locomotive boilers. The 
ordinary rate in these boilers is from 60 to 90 lb. per square foot of 
grate per hour, and it sometimes reaches 140 lb. 

The vacuum in the smoke-box of a locomotive when running varies 
from 3 to 8 inches of water, and in the tiro-box near, the tube plate 
from 1 to 3 inches. In the ashpan under the grate the air pressure is 
generally from 0*2 to 0*8 inch of water. The pressure in the ashpan is 
due to the velocity of the locomotive through the air as shown in Fig. 
212, where the arrow A shows the direction of the motion of the train. 

If Y is the speed of the train, in miles per hour, in relation to that 
of the air in front of the ashpan, that is, Y is the velocity of the air 
into the ashpan, then, the theoretical maximum pressure of the air in 

( V \ 2 

jg J in inches of water, but the actual pressure 
is generally considerably less than this. 

1 Proceedings of the American Society of Naval Architects t 1891. 
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A locomotive boiler is only able to take advantage of the high rate 
of combustion occurring in its fire-box because of the oscillations and 
vibrations to which it is subjected when the locomotive is running on 
the rails. These oscillations and vibrations facilitate the circulation 
of the water and the escape of the steam from the water. The same 
boiler used as a stationary boiler on a rigid foundation cannot utilize 
anything like so high a rate of combustion as occurs in the running 
locomotive 


Exercises X 

1 Justify the statement made in Art. 14 6, p. 206, namely, that the volume 
of tho products of combustion is approximately equal to the volume of air used, 
by calculating the volume of tho products per lb. of a coal whose percentage 
composition is: G, 87; if, 6; 0, 6; and ash, 2; («) when the p.ir used is the 
minimum for complete combustion, (b) when the air used is one and a half times 
the minimum, and (c) when the air used is twice tho minimum. Also calculate 
tho volume of tho air used in each case. Assumo that the air and products have 
a temperature of 300° C. Given that tho specific volumes of air, oxygen, and 
nitrogen are, 12*39, 11*21, and 12*80 cubic feet per lb. respectively at 0° C. 

2 . Given : Temperature of chimney gases = 250° G , temperature of air 
= 10' J G., woight of air used per lb. of fuel — 201b. Determine the height of 
nhimnoy necessary to produce a draught represented by a column of water 
0*6 inch high. 

3 . A chimney 1ms a height of 100 feet. The temperature of the air is 12° C. 
Find the draught in inches of water when the temperature of the chimney gases 
is such as to cause tho weight of these gases discharged in a given time to be a 
maximum. 

4 . Three boilers have a combined grate area of 100 square feet. Use the 
formula at the end of Art. 147 to calculate the height of chimney for these boilers, 
having given : Diameter of chimney, 4 foot, Z— 90-{-H, w —20, T= 267 + 273 — 540, 
T, = 12 + 273 = 285, and W - 18. 

5. Find the answer to the preceding exercise by means of Kent’s formula 
given in Art. 148, p. 210. 

6. Use Kent’s formula (Art. 148) to calculate the diameter of a chimney for a 
group of boilers burning 3500 lb. of coal per hour, the height of the chimney being 
145 feet. 

7. Apart from the question of draught the minimum temperature of the 
waste gases leaving a certain boiler installation is 130 'G. A natural draught is 
produced by means of a chimney 150 feet high, the gases within the chimney 
having a temperature of 310° G. The air supply to tho furnaces is 19 lb. per lb. 
of fuel burned, the temperature of tho air is 7° 0., and tbe mean specific heat of 
the waste gases is 0*24. Calculate the efficiency of tho chimney as an instrument 
for moving the air and products of combustion through the furnaces and flues. 

If tho calorific valuo of the fuel is 7800 C.H.U. per lb. express the extra 
expenditure of heat on the production of the chimney draught as a percentage of 
tho heat of tho fuel. 

8. A given weight of air has to be supplied per minute to a given boiler 
furnace by moans of a fan. Show clearly, that if induced draught is used con- 
siderably moro power will be requirod to drive the fan than if forced draught is 
employed, notwithstanding the fact that tho work to be done in moving the air 
and waste gases may bo about tho samo in the two cases and that the efficiencies 
of the fans may be equal. 

[Note that the pressure energy of 1 lb. weight of a gas is P t /w x foot-lb., where 
P 1 is tho static pressure of the gas in lb. por square foot, and u\ is the weight of 
1 cubic foot of the gas in lb. Also the kinotic energy of 1 lb. weight of a gas is 
v,*/2 g where t?, is its velocity in feet per seoond.] 

9 . Given: Rate of combustion, 25 lb. per square foot of grate per hour; 
weight of air supplied, 20 lb. per lb. of fuel burned ; area of openings between 
fire bars, 40 per cent, of area of grate; volume of 1 lb. of air at 0°C., 12-89 cubio 
feet. Calculate the velocity of the air between tho fire bars, in feet per second, 
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when 90 per conb. of the ah' supply passes through tho grate and the temperature 
of the air between the fire bars is 500° C. 

10. The calorific value of a fuel is 7900 G.H.U. and the weight of air supplied 
for its combustion is 17 lb. per lb. of fuel. Tho air is heated by tho waste gases 
before entering tho furnace from i) 1 C. to 140 c 0. Taking the mean specific heat 
of tho air as 0*288, calculate the direct saving of heat duo to pre-heating the air 
supply, expressing tho saving as a percentage of tho heat of tho fuel. 

11. Tho following particulars relate to a tost of a largo American ft eight 
locomotive Grate area, 31 square foot ; weight of coal burned per hour 2418 lb. ; 
weight of engine and train, 1670 tons; average speed, 16 miles per hour, 
Calculate, (a) the rate of combustion in lb. per square foot of grato per hour. 
(b) the weight of coal burned per ton mile. 

12 . Tho pressure in the ashpan of a locomotive boiler is 0*9 inch and tho 
vacuum in the smoke-box is 5 2 inches of water. What is tho effective draught 
between the ashpan and the smoke-box in inches of water and in lb. per square 
foot ? 

13. Assuming that the formula W = 80 - K gives the rate of combustion 

W in lb. per square foot of grate per hour when /*, and h., are the pressures in 
inches of water below and above the fire respectively, plot W and /z l — h t for 
values of \V from 10 to 100. 



CHAPTER XI 

PERF ORMANCE OF STEAM BOILERS 


156. Equivalent Evaporation — Factor of Evaporation. — The 

purpose of a steam boiler is to evaporate water by hfcat obtained 
by the combustion of fuel and the amount of water evaporated is 
therefore one of the quantities to be considered in dealing with the 
performance of a steam boiler. The evaporation is generally stated in 
lb. per lb. of fuel, or in lb. per square foot of heating surface per 
hour, or the total weight of water evaporated may be stated. But 
the amount of water evaporated by a boiler not a sufficiently definite 
measure of its performance because under different conditions as to 
temperature of feed water, and temperature and dryness of steam 
produced, a given evaporation will represent different amounts of heat 
utilized by the boiler. 

For the purpose of comparison it is therefore necessary that the 
water be supposed to be evaporated under standard conditions. The 
standard conditions which have been adopted are : temperature of 
feed- water and temperature of steam 100° 0. (212° F.), and steam dry 
ami saturated. Under standard conditions therefore the evaporation 
of 1 lb. of water represents the utilization of L 0 units of heat where 
L 0 is the latent heat of steam at 100° C. (212° F.) and has the value 
539 O.H.U. (970 B.Th.U.). 

If under actual conditions — 

7/j = heat of feed water per lb. ^ 

It = sensible heat of steam per lb. > as given in saturated 
JI = total heat of steam per lb. ; steam table 

L 0 =. latent heat of steam at 100° 0. (212°F.) per lb. 
x = dryness fraction of steam 
W = weight of steam produced 

then, heat to produce 1 lb. , of steam under actual conditions 
= (H — h)x + h — and the heat to produce W lb. of steam uuder 
actual conditions = W{(H — h)x + h — h{)}. This amount of heat, if 
applied to produce steam under standard conditions, would evaporate 
W x lb. of water, and 


W{(H — li)x + 7i — h x } 
Wl= *Lo 


Wj is called the equivalent evaporation and the expression 
is called the factor of equivalent evaporation or 
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factor of evaporation . (Equivalent evaporation is often spoken of as 
evaporation from and at 100° 0. (212° F.).^ 

If under actual conditions the steani is dry and saturated, then 

«== 1, and the factor of evaporation becomes ^ — — • In practice x 

is generally 0*98 or 099. 

Generally it is sufficiently accurate to take the sensible heat per 
lb. as the degrees of temperature above 0° C. (32° F.). 

If under the actual conditions there is a superheater which is an 
integral part of the boiler, and if the steam has t degrees of super- 

hoat, then the factor of evaporation is — — ^ , where kp is the 

lj ° 

mean specific heat of tho steam over the range t°. 

157. Evaporation per Pound of Fuel. - -If Q is the calorific value 
of 1 lb. of fuel, then the theoretical maximum evaporation is Q/L 0 lb. 
from and at 100° C. (212° F.). The actual equivalent evaporation in 
ordinary steam boilers varies from 50 to 85 per cent, of the theoretical 
maximum and is generally from 65 to 75 per cent. 

158. Evaporation per Square Foot of Heating Surface. — The 
equivalent evaporation in lb. per square foot of heating surface per 
hour in ordinary steam boilers working under ordinary conditions may 
be taken as follows : - 


Cornish and Lancashire boilers 3 to 10, average about 5 

Marine boilers ("Scotch type) . . 3 to 10, average about 6 

Locomotive boilers 5 to 1 5, average about 1 1 

Water-tube boilers 2*5 to 6, average about 4 

The evaporation per square foot of heating surface per hour is 
obtained by dividing the total weight of water evaporated per hour by 
the total area of the heating surface, a result which is the mean 
evaporation per square foot. The evaporation is different at different 
parts of the heating surface. For example, in a locomotive boiler the 
heating surface of the fire-box is much more effective than that of 
the tubes. 

In the Boneeourt surface combustion boiler (p. 142) an equivalent 
evaporation as high as 35 lb. per square foot of boiler heatiug surface 
has been obtained. 

159. Power of a Boiler - Boiler Horse-Power. — A definite and 
fairly common way of stating tho power of a steam boiler is to give the 
weight of water which it is capable of evaporating from and at 
100° C. (212° F.) in an hour. The power of any particular boiler 
must of course depend on the quality of the fuel used and the rate of 
its combustion and also on the efficiency of the boiler in utilizing the 
beat of combustion of the fuel. 

A committee of the American Society of Mechanical Engineers has 
recommended that the standard unit of power for steam boilers be an 
evaporation of 34’5 lb. of water from and at 100° C. (212° F.) in an 
hour. This unit of boiler power is called a boiler horse-power and it is 
used to a considerable extent, especially in America. 

The horse-power of a boiler must not be confused with the horse- 
power of the engine which uses tho steam from the boiler. The 
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horse-power of the engine will generally be greater than the horse- 
power of its boiler as measured by the above rule. For example, a 
triple-expansion condensing engine taking dry saturated steam at a 
pressure of 150 lb. per square inch absolute, used 13 lb. of steam per 
indicated horse-power per hour. The feed water had a temperature 
of 65° C. (149° F.). From these data and the steam tables the 
equivalent evaporation of the boiler would he 14 # 4 lb. per indicated 
horse-power of the engine per hour. The indicated horse-power of the 
engine would therefore bo 34*5 - 7 - 14*4 = 2*4 times the boiler horse- 
power. 

160. Efficiency of a Boiler. — Knowing the weight of steam 
produced by a boiler plant in a given time, the temperature of the 
feed water, and the pressure and the dryness or superheat of the steam, 
the amount of heat (Q x ) utilized by the boiler plant may be computed. 
Knowing also the weight of fuel burned in the same time and its 
calorific value, the maximum possible amount of heat (Q) due to the 
combustion of this fuel may be calculated. The ratio of the heat (Q|) 
utilized to the heat (Q) supplied in the same time is the efficiency of the 
boiler plant. 

The efficiency of a boiler plant may also be computed from the 
heat utilized per lb. of fuel and the calorific value of 1 lb. of 
the fuel. 

The essential part of a boiler plant is the boiler, but there may also 
be a feed water heater or economizer and there may be a superheater. 
Each of these elements of a boiler plant has its own efficiency 
measured by the ratio of the heat which it utilizes to the heat 
supplied to it. 

Example. — The following observations and deductions are taken 
from a report of a trial of a boiler plant consisting of six Lancashire 
boilers and an economizer. 


Calorific value of coal, per lb 7150 C.II. IT. 

Weight of feed water evaporated per lb. 

of dry coal 9*1 lb. ^ 

Equivalent evaporation from and at 

100° C. per lb. of dry coal .... 9*6 lb. ' 

Temperature of feed to economizer . . 12° 0. 

Temperature of feed to boiler .... 105° C. 

Temperature of air 13° C. 

Temperature of flue gases entering 

economizer .... 370° C. 

Weight of flue gases per lb. of dry coal . 16*2 lb. * 

Mean specific heat of flue gases . . . 0*25. 


From the above it is required to find the efficiency of the boilers 
alone, the efficiency of the economizer alone, and the efficiency of the 
whole plant. 

Heat utilized by boilers per lb: of dry coal = 9*6 x 539 = 5174 
C.H.U. 

Heat of combustion of 1 lb. of dry coal = 7150 C.H.U. 
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Heat utilized by economizer per lb. of dry coal 

= 9-1 x (105 - 12) = 846 C.1I.T7. 

Heat in flue gases entering economizer, reckoned a 1 ''"'" + “”iperature 
of air = 18-2 x 0 25 x (370 - 13) = 1624 C.H.U. 

81 6 

Efficiency of economizer =. * = 0*52 or 52 per cent. ' 


Heat utilized by boilers and economizer per lb. of dry coal 
= 5174 + 846 = 6020 C.H.U. 

Efficiency of whole plant = ~~ = 0-84 or 84 per cent. 


181. Heat Losses in Boiler Plant. — That portion of the heat of 
combustion of the fuel which is not utilized in the production of the 
steam from the feed water is reckoned as lost heat. The sources of 
loss are: (1) Hot chimney gases. (2) Incomplete combustion of 
carbon, that is, the burning of carbon to carbon monoxide (CO^ 
instead of to carbon dioxide (CO.,). (.']) Unhurried fuel which may 
drop into the .ashpit or be carried away with the products of com- 
bustion. (4) Heating, evaporating, and superheating moisture in ihe 
fuel. (5) External radiation. 

These various heat losses are considered in detail in the next 
five Arts. 

162. Heat Loss in Chimney Cases. — The heat carried away in the 
chimney gases may be divided into two parts, (a) the heat in the 
products of combustion, and (b) the heat in the excess air. 

Let t = temperature of chimney gases. 

t l = temperature of air. 

kj, = mean specific heat of the mixture of gases between' the 
temperature t x and t. 

w = weight of chimney gases in lb. per lb. of dry fuel. 

Q = calorific value of 1 lb. of dry fuel. 


The heat carried away by the chimney gases per lb. of dry fuel is 
wk v {t — heat units and this is ^0 wk it (t *i) ccn t. of heat of 


fuel. 

The mean specific boat k p depends on the composition of the gases 
and it also varies with the range of temperature. 7c ( , is generally taken 
at about 0*25 and this is about right if the latent heat in the steam in 
the chimney gases is neglected. 

The following example illustrates how the heat carried away in the 
chimney gases may 1x3 calculated without assuming the value of k p for 
the mixture of gases. 

Percentage composition of dry fuel : C, 88 4 ; H, 3*7 ; O, 2*5 ; 
ash 5*4. 

Higher calorific value of dry fuel, 8300 C.II.U. (14,940 li.Th.U.) 
per lb. 

Minimum weight of air for complete combustion of 1 lb. of dry 
fuel, 11*42 lb. 
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Products of combustion per lb. of dry fuel (no excess air): 
C0 2 , 3*24 lb.; steam, 0-33 lb ; N, 8*8 lb. Total 12*37 lb. 
Temperature of chimney gases, 310° C. (590° F.). 

Temperature of air, 10° C. (50° F.). 

The mean specific heats of the constituent gases from 10° C. to 
100° C. are found by the formulae in Art. 28, p. 26, to be: 
C0 2 , 0*223; N, 0*211; air, 0*236. For superheated steam at 
atmospheric pressure the mean specific heat may be taken at 0*48. 

The heat in the products of combustion per lb. of dry fuel (no 
excess air) is made up as follows : — 

C0 2 3*21 x (310 - 10) x 0*223 = 217 C.II.IT. 

N 8*8 x (310 - 10) x 0-241 = 636 

Steam 0*33 x {(100- 10) + 539 + 0*48 x (310 - 100)} = 241 

Total . . 1094 


1094 x 100 

This total is - = 13*2 per cent, of the heat of the fuel. 

oJOU 

Tf the excess air is 50 per cent, or 5*71 lb. per lb. of dry fuel, tlie 
heat carried away by this air is 5*71 X (310 — 1 0) x 0*236 = 404 C.II.U. 
.... 404 x 100 . „ 

which is = 4*9 per cent, of the heat of the fuel. 

MOO 

The heat carried away in the chimney gases when there is 50 per 
cent, of excess air is therefore 1094 + 40 1 = 1498 C.II.U. per lb. of 
, , ..v-.v • H98 X 100 , , 


dry fuel, which is ^ 

If the excess air is 
100 per cent, or J I *42 
lb. per lb. of dry fuel, 
the heat carried away 
by this air is 1 1 * 12 
X (310 - 10) x 0-236 
= 809 C.II.U. which is 
809 x 100 

8300 ' = P" 
cent, of the heat of the 
fuel. 

The heat carried 
away in the chimney 
gases when there is 100 
per cent, of excess air 
is therefore 1094 4- 809 
= 1903 C.II.U, por lb. 
of dry fuel, which is 
1903 x 100 

uaiin 9 I** 1 


= 18 per cent, of the heat of the fuel. 
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cent, of the heat of the fuel. 

In like manner the heat carried away by the chimney gases at 
other temperatures may be calculated and the results plotted as 
shown in Fig. 213. It will be found that the graphs are practically 
straight lines. 
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If the lower calorific value of the fuel is taken, then the latent 
heat of the steam, 539 C.H.U. per lb., in the chimney gases must be 
neglected. 

163. Heat Lost through Incomplete Combustion of Carbon.-— The 

complete combustion of carbon is represented by the equation 
C + 0.> = CO* from which it follows that 1 lb. of carbon combines 
with 2*67 lb. of oxygen to form 3*67 lb. of carbon dioxide, and the 
result of this combination is the production of heat of the amount 
8100 C.H.U. 

The incomplete combustion of carbon is represented by the 
equation C + O = CO, from which it follows that 1 lb. of carbon 
combines with 1-33 lb. of oxygen to form 2*38 lb. of carbon monoxide, 
and the result of this combination is the production of heat of the 
amount 2416 C.H.U. 

Every pound of carbon burned to CO instead of to C0 2 therefore 
represents a heat loss equal to 8100 — 2416 = 5684 C.II.U. 

Let c* and c 2 he the relative volumes of CO and C0 2 in the 
chimney gases. The rolative weights of these gases are 28c x and 44r 2 . 
The relative weights of carbon in 28^ and 44r 2 of CO and C0 2 respec- 
tively are ^ X 28c x and ™ X 44c 3 . Hence the relative weights of 
carbon in volumes and c 2 of CO and C(> 2 respectively are the same 
as the relative volumes c i and c 2 . Therefore 

weight of carbon incompletely burned _ 
weight of carbon burned to CO and C0 2 ~ r x + c 2 

If the fuel contains c per cent, of carbon and the whole of the 
carbon is burned to C0 2 and CO, then the heat lost per lb. of fuel due 
to the incomplete combustion of the carbon is 


t oo X c\ + c 2 x 


5681 C.II.U. 


With ordinary rates of firing (not exceeding 30 lb. per square foot 
of grate per hour) and careful stoking the loss of heat due to the 
formation of CO instead of C0 2 should be less than 1 per cent, of the 
heat of the fuel. 

Example. — The flue gas analysis gave C0 2 , 14*7 per cent, and 
CO, 0*25 per cent, by volume. The fuel analysis gavo carbon 87*6 
per cent by weight. The calorific value of the fuel was 8300 C.H.U. 
per lb. 

Assuming that all the carbon in the fuel was burned to C0 2 and 
CO, the heat lost per lb. of fuel due to the formation of CO instead of 
0*25 

C0 2 was 0 876 X x X 5084 = 83 C.H.U. and this is equal 

0 + 14-7 

to = 1 per cent, of the heat of the fuel. 

8300 

164. Heat Lost through Unburned Fuel. — With coal and other 
solid fuels some of the fuel may drop through between the firebars 
before it is completely burned, a part may also be carried away into 
the flues and be deposited as cinders. In the case of locomotives 
working at full power, the draught being then intense and the rate of 
combustion high, the loss of heat due to unburned fuel carried into 
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the smoke-box in the form of cinders and sparks may amount to 40 per 
cent, of the heat of the fuel fired. 

With ordinary rates of combustion in stationary and marine boilers 
the heat lost through unburned fuel is generally from 1 to 4 per cent. 

The unburned fuel inay be assumed to be composed of carbon and 
ash. 

In a boiler trial the amount of unburned carbon may be determined 
by collecting and weighing all the cinders and ashes and deducting the 
weight of ash corresponding to the weight of dry fuel fired as shown by 
the analysis of the fuel. For example, if for every 100 lb. of dry coal 
fired the weight of cinders and ashes is 9 lb., and if the ash in the dry 
coal as shown by tho analysis is 4 per cent., then the unburned carbon 
in this case would be 5 per cent, of the dry coal fired. 

The amount of carbon in the ashes and clinker may also be deter- 
mined by chemical analysis. 

The lirst method described above is reliable if all tho ash is collected, 
but in boiler trials a considerable quantity of ash may he carried into 
the flues and not he collected. For example, in a certain boiler trial 
the ash in 100 lb. of dried fuel was, by analysis, 4 lb., and for every 
100 lb. of dried fuel fired the ashes and cinders collected weighed 5 lb. 
If this contained all the ash the weight of un burned carbon would be 

1 lb., but actual analysis of the ashes and cinders gave the carbon as 

2 lb., showing that 1 lb. of ash per 100 lb. of dried fuel tired had not 
been collected. 

Having determined the weight of unburned carbon, this weight 
multiplied by its calorific value is tho heat lost through unburned 
fuel. 

165. Heat Lost through Moisture in Fuel. — Any moisture in the 
fuel when fired lias first to be heated from the temperature of the air 
to the boiling temperature of water at atmospheric pressure, it has 
then to be evaporated and finally superheated to the temperature of 
the chimney gases, and all the heat so used is lost. In estimating the 
heat used in superheating the steam the specific heat of the steam may 
be taken as 0*48. 

One per cent, of moisture in the fuel causes a heat loss of about 
0*1 per cent. 

166. Heat Lost through External Radiation.™ The parts of the 
boiler and the flue walls exposed to the external air radiate heat which 
is lost. The amount of this loss is difficult to determine accurately, but 
it is frequently assumed to bo about 5 per cent, of the heat of the fuel 
fired. 

One method of determining approximately the heat lost through 
external radiation is to get up steam to the working pressure, and then 
find out the weight of fuel per hour which must be fired to keep up 
that pressure while the stop valve is closed. Part of the heat of the 
fuel fired in such a test, after steam is up to the working pressure, goes 
away in the chimney gases and the remainder goes to tho boiler to 
make up for the loss due to external radiation. The loss by radiation 
under working conditions will however probably be greater than when 
standing with steam up on account of the more rapid combustion and 
consequent higher temperatures in the former case. 
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167. Minor Heat Losses. — In addition to the heat losses which 
have been considered there are minor losses not usually measured, such 
as heat lost in the hot ashes, heat lost in superheating the moisture in 
the air supply, and the loss due to soot in black smoke. 

168. Summary of Heat Balances in Boiler Performances. — An 
examination of the results of a large number of boiler trials leads to 
the results summarized in the following table, abnormal results being 
neglected. 


Range Average 
per cent. per cent. 


Heat transferred to water and steam. (Thermal efficiency j 


of boiler) | 00 to 81 

Heat carried away in chimney gases ' 13 to 28 19 

Heat lost by external radiation 3 to 8 5 

Other heat losses # — 4 

Total heat of fuel 100 100 


169. Heat Balances in Locomotive Boiler Trials. — The great 
variation in the heat 
balances of locomo- 
tive boilers due to 
variation in the 
rate of firing is 
shown graphically 
in Fig. 214, repro- 
duced from a paper 
by Mr. Lawford H. 

Fry in the Proceed- 
ings of the Institu- 
tion of Mechanical 
Engineers > 1908. 

The rapid in- 
crease in the loss of 
heat due to un- 
burned fuel (cinders 
and sparks) with the 
increase in the rate 
of firing should be 
specially noticed. 

170. Recording Boiler Performances - The various observations 
to be made and the results deduced from them should be tabulated 
systematically. The form of tabulation most generally adopted is that 
recommended by a Committee of the Institution of Civil Engineers. 1 
This form is shown in the following pages applied to a boiler trial made 
by Mr. Edward G. Hiller and reported in the Proceedings of the 
Institution of Mechanical Engineers , 1904. 

Proceedings of the Institution of Civil Engineers , vol. cl. and vol. cxcv. 



Rale of Firing. Coal per square fool of Grate per how 
Fio. 214. 
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General Description and Dimensions of Boiler House Plant. 

Type of Boilers : Two Lancashire boilers, each with Musgrave and 
Dixon superheater. 

Pressure for which designed: 160 lb. per square inch above 
atmospheric pressure. 

Test made at an output of about 10,900 lb. per hour at a pressure 
of about 155 lb. per square inch. 

Object of trial : To determine the evaporative efficiency of 
boilers. 

General Description of Boilers and Leading Dimensions. 

Ref. No. 

1. Two Lancashire boilers, 8 fecit diameter by 30 feet dong. 

Grate area, 38 square feet each boiler. 

Water-heating surface, 920 square feet each boiler. 

Ratio of water-boating surface to grate area, 24*21 to 1. 
Superheating surface; 217 feet by 2 feet = 434 square feet. 

2. Mothod of starting and stopping the test : The iires were 

cleaned, the clinkers and ashes removed, and test started with 
thin clear fires. The same procedure was carried out imme- 
diately before the test linished, and at the liuish the fires were 
in same condition as at start. 

3. Method of stoking : Hand tiring. 

4. Production of draught : By chimney. 

5. Chimney: Height about 140 feet; area at bottom, 14-6 square 

feet ; area at top, 13*25 square feet. 

6. Total grate area (excluding dead plate), 76 square feet. (Two 

boilers. ) 

7. Grate area occupied by air spaces between bars square 

feet (not given). 

8. Total effective heating surface of two boilers and two super- 

heaters, 2274 square feet. 

9 . Capacity of water space, 2322 cubic feet. (Two boilers. ) 

10 . Capacity of steam space, 694 cubic feet. (Two boilers.) 

11 . Area of water surface in boilers, 431 square feet. (^Two 

boilers.) 

Particulars of Observations. 

12. Duration of trial hours 4 

Fuel. 

13. Description : North Wales. (Point of Ayr.) 

14. Fired per hour lb. 1456 

15 . Analysis of coal (see footnote). 1 

1 Note. — Tho actual coal usod at tho tost was not aualysod. The fuel analysis, 
which has been assumed for purposes of calculation, is based on the culorific 
determination, and is as follows: H 4*5, 0 77*7, O, N, S, etc., 12*83, and ash 
4*97 per cent. 

A subsequent analysis of coal from the same pit gave: H 5*1, C 80*9, O, N, 
S., stc., 1219, and ash 1*81 per oeut. Calorific value by bomb calorimeter 
14,771 B.Th.U 

Q 
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Ref. No. 

16. Moisture in fuel as tired per lb. 0‘046 

17. Calorific value of dried fuel by 

bomb calorimeter B.Th.U. per lb. 14,040 

18. Carbon value of 1 lb. dried fuel 0*9138 

Ash and Clinker. 

19. Total per hour lb. 1 1 1 *5 

SO. Carbonaceous matter in ash per hour . . . lb. 46 


Flue Gases. 

21. Analysis of dry flue gases — 

By vol. By weight. 

Carbon dioxide (C0 2 ) .... per cent. 6*34 9*45 

n i • i / nrv v 


Carbon monoxide ( CO) ... ,, -- — 

Oxygen (O) „ 13*00 14*09 

Nitrogen (by difference) (N) . „ 80*06 76*40 

22. Average temperature leaving boiler flue . . * F. 642 

23. Mean specific heat of products of combustion . 0*249 


Air and Draught. 

24. Temperature of outside air F. 62*7 

25. Barometric pressure (29*92 inches of 

mercury) lb. per sq. in. 14*7 

26. Draught over fire inches of water 0*2 


28. Draught at gas exit from boilers . ,, „ 0*22 

29. Draft at base of chimney .... „ „ 0*51 

Feed - Water. 

31. From pump per hour lb. 10,903 


Water evaporated per hour lb. 10,901 

32. Temperature of feed to boilers F. 259 

Steam. 

33. Gauge .pressure lb. per sq. in. 155*3 


34. Absolute pressure „ „ 170 

36. Temperature of saturation ^F. 368*2 

Temperature of steam leaving superheater . ‘ F. 491*6 


Heat Account and Deductions. 

Boiler and Superheater. 

Heat Account (jper lb. of dried fuel). 

B.Th.U. Percent. 

37. Total heat value of l lb. of dried fuel . . 14,040 — 

37a. Available heat (hydrogen in coal burned 

to steam) 13,649 100 
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Ref* No. B.Th.U. Per cent. 

38. Heat transferred to water and superheated 

steam (and thermal efficiency) . . . 8,173 59-89 

39. Heat carried away by products of com- 

bustion 1,658 12*15 

40 Heat carried away by excess air . . . 2,628 1 9-26 

41. Heat lost in evaporating and in superheat- 

ing moisture mixed with fuel .... 66*4 0*49 

42. Heat lost by incomplete combustion. . — — 

43. Heat lost by unburned carbon in ash . 482 3*53 

44. Balance of heat account. Errors of obser- 

vation, and unmeasured losses, such as 
- those due to radiation, escape of un- 


burned hydrocarbons, superheating 
moisture in air, loss in hot ashes, etc . 641*6 4*68 

Total of lines 38 to 44, equal to line 
37a 13,649 100*00 

Deductions. 


45. Heat transmitted per sq. ft. of heating 

surface per hour B.Th.CJ. 4992 

46. Weight of fuel fired per sq. ft. of grate per 

hour lb. 19*158 

47. Weight of dried fuel fired per sq. ft. of 

grate per hour lb. 18*27 

48. Water evaporated and superheated per lb. 

of fuel as fired lb. 7*487 

49. Equivalent evaporation from and at 21 2 F. 

per lb. of fuel as tired lb. 8*071 

50. Water evaporated and superheated per lb. 

of dried fuel lb. 7*848 

51. Equivalent evaporation from and at 212 F. 

per lb. of dried fuel lb. 8*46 

52. Equivalent evaporation from and at 2 1 2 °F. 

per lb. of carbon value of dried fuel . lb. 9*02 

53. Weight of feed-water evaporated from and 

at 212 °F. per square foot of heating 

surface per hour lb. 5*167 

55. Air used per lb. of dried fuel .... • lb. 29*6 

56. Ratio of air used to air theoretically re- 

quired ... 2*81 


Economized 

57. General description of economizer : — Three groups of pipes 

8 + 8 + 1 - by 8 pipes broad. Total 224 pipes. 

58. Heating surface of economizer, 2210 square feet. 


Data Deduced from Observations. 

Economizer . 

61. Weight of feed water per hour lb. 10,903 

62. Temperature of feed into .... . . °F. 60 
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rtof. No. 

63. Temperature of feed out of °F. 258*8 

64 . Tcmporature of flue gases into °F. 642 

65. Temperature of flue gases out of °F. 326 

66. Analysis of dry flue gases leaving oconomizer — 

By vol. By weight. 

Carbon dioxide (C0 2 ) .... per cent. 5*39 8*06 

Carbon monoxide (CO) ... ,, 

Oxygon (O) ,, 14*14 15*38 

Nitrogen (by difference) (N) . . „ 80*47 76*56 

Heat Account (per lji. op dried fuel). 

Economizer. 

B.Th.TJ. Percent. 

77. Heat received from boiler flues, in dry 
gases and steam, per lb. of dried fuel 


(reckoned from air temperature) . . . 

78. Heat transferred to the water (and eflici- 

1352 

100 

ency of economizer) 

15G0 

35-85 

79. Heat carried oil' in chimney gases . . . 

80. Balance of heat account, including errors 

of observation and difference of heat 
* contained in brickwork at beginning 

2331 

53*56 

and end of test, etc 

Deductions. 

85. Heat transmitted per sq. ft. of heating sur- 

■161 

4352 

10-59 

100-00 

face of economizer per hour .... 

87. Thermal efficiency of boilers, economizer and 

B.Th.TJ. 968 

/ superheater combined 

Exercises XI 

per cent. 

71-3 


1. A boiler produces 8-9 lb. of steam per lb. of coal from feed-water at 45° G. 
J118 3 F.). The pressure of the stoam is 150 lb. por square inch absolute. What 

^is the equivalent evaporation from and at 100° 0. (212° F.) per lb. of coal, (a) on 
the assumption that the steam is dry and saturated, (5) on the assumption that 
the dryness fraction of the steam is 0 98 ? 

2 . The following particulars are taken from the reports of trials of three steam 
boilers A, B, and 0 : — 


Dollar. 


Absolute pressure of steam . . . 

. . lb. per sq. in. j 

50 

165 

200 

Temperature of feed-water . . . 

duci 

o o 

15 

59 

GO 

140 

20 

68 

Dryness fraction of steam .... 


1*00 

0*98 

— 

Degrees of superheat in steam . . 

* j 0. 

If. 

— 


50 

90 

Steam produced per lb. of coal . . 

lb. 

8*7 

9*5 

9*3 
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Calculate for each boiler the equivalent evaporation from and at 100° C. 
(21 2° F.) per lb. of coal. 

3. The following particulars relato to a trial of two marine boilers of the 
Scotch typo. — Duration of trial, 16 hours. Total heating surface, 3160 square 
feet. Total grate aroa, 42 square feet. Mean absolute pressure of steam, 180 lb. 
per squaro inch. Total coal burned, 15,072 lb. Total weight of water evaporated, 
137, 85G lb. Temperature of feed-water, 100° F. Steam assumed to be dry and 
saturated. 

Calculate, (1) the weight of coal burned per square foot of grate per hour, 

(2) the weight o t water evaporated per lb. of coal under the actual conditions, 

(3) the equivalent evaporation from and at 212 r F. per lb. of coal, (4) the equiva- 
lent evaporation from and at 212° F. per square foot of total heating surface per 
hour. 

4. A locomotivo boiler has a total hoating surface of 1214 square feet, of which 
132 square foet is fire-box surface. The heat transmitted to the water through 
the liro-box surface may be taken as 40 per cent, of the whole heat transmitted 
to the water. If the average evaporation for the whole heating surface is 10 lb. 
per square foot per hour, from and at 212' 3<\, what is the evaporation per hour 
from the liro-box per square foot of fire-box heating surface, and what is the 
evaporation per hour from the remaining heating surface per square foot of that 
surface? 

6. ruing the rule of Art. 159, calculi* to the horse-power of a boiler which 
produces 18,94*2 lb. of steam in 0 hours from feed water at 239° F., the pressure 
of the steam being 155 Jb. per square inch absolute. Assume that the steam is 
dry and saturated. 

6. Calculate the efficiency of a steam boiler from the following data Coal 
burned per hour, 1051b. Calorific value of coal, 7750 C.H.45. (13,950 B.Th U.). 
Food water per hour, 806 lb. Temperature of feed water, 10° Qsi(bQ° F.). 
Absolute pressure of steam, 120 lb. per square inch. Dryness fraction of steam, 
0*99. 

7. A boiler produces 5000 lb. of saturated «team per hour at 160 lb. per 

square inch absolute pressure (total heat 1194 5 B.Th.U. per lb.), and the.ifeed- 
w’atcr is heated by an economizer to a temporaturo of 250° F. (water heat 
218*5 B.Th.U.). 5501b. of coal of a calorific ^lue of 13,500 B.Th.U. are fired 

per hour, and it is ascertained that 10 per cent, of the fuel is unburned. Find 
the thermal efficiency of the boiler, and also of the grate and boiler combined. 

[Inst. C.K] 

8. In a boiler tost tlie following quantities were obtained : — Mean tempera- 
ture of feed, 55° F. Mean boiler pressure, 165 lb. per square inch absolute. 
Mean steam dryness 0*95. Weight of coal burned per hour, 500 lb. Calorific 
value of coal, 14,000 B.Th.U. per lb. Weight of water supplied to boiler in 
7 hours 14 minutes, 3*2,500 lbv"The weight of water in the boiler at the end of 
the test was less than that at the commencement by 2000 lb. 

Calculate the actual evaporation per lb. of coal, the equivalent evaporation 
from and at 212° F. per lb. of coal, and the thermal efficiency of the boiler. 

[U.L.] 

9. In a boiler trial 3600 lb. of coal \ver*o consumod in 24 hours. The weight 
of water 'evaporated was 28,800 lb., and the mean steam pressure by gauge was 
95 lb. per sq. in. The coal contained 3 per cent, of moisture and 3*9 per cent, 
of ash by analysis. The feed water temperature was 95" F. (35° 0.). Calorific 
value of one pound of coal 13,000 B.Th.U. (7222 C.H.U.). Total heat of one 
pound of steam at 110 lb. per squaro inch absolute 1188 B.Th.U. (660 C.H.U.). 

Determine the efficiency of the boiler, and the equivalent evaporation, (1) per 


lb. of dry coal, (2) per lb. of combustible. [U.LJ 

10. During a boiler trial the following data wore obtained : — 

Temperature of steam 373° F. 

Moisture in steam 1 pet cent. 

Temperature of feed water ....... 55° F. 

Water evaporated per lb. of coal 9*4 lb. 

Calorific value of coal fired, per lb 14,720 &Tli. U. 

Bise in temporaturo of the flue gases .... 450° F. 

Specific heat of products 0*24 
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Analysis of coal : — 

0, 80 per cent. ; IT, 4 por cent. ; O, 3 per cent. 

Analysis of flue gases ‘by volume : — 

C0 S , 10*4 per cent. ; 0, 91 por cont. 

Potormine— 

{«) The thermal efficiency of the boiler. 

(b) Tho heat carried away by tbe flue gases per pound of coal fired. 

[U.L.] 

11. The percentage composition of a dry coal is : C, 83 ; H, 5 ; O, 4 ; ash, 8. 
This coal is used in a boiler and 20 lb. of air arc supplied per lb. of dry coal. 
The temperature of tho air is 15° 0. (59° F.), and the temperature of tho chimney 
gases is 330° 0. (626° F.). The liighor calorific value of the dry coal is 
8280 O.H.U. (14,904 B.Th.U.) per lb., and the lower calorific value is 8040 O.H.U. 
(14,472 B.Th.U.) per lb. 

Find the heat carried away in tho chimney gases por lb. of dry coal, 
expressing the result as a percentage of tho calorific value of tho coal, (a) allow- 
ing for the latent heat in the steam and taking the higher calorific value of the 
coal, (b) neglecting the latent heat in tho steam and taking the lower calorific 
value of tho coal. 

Calculate also the mean specific heat of tho mixture of chimney gases 
betwoen 15° C. and 330° C., (1) on the assumptions (a), and (2) on tho assump- 
tions (6). 

12 350 lb. of coal are burned on a boiler grate per hour, and 3000 lb. of 
water are passed through the economizer, the temperature of the water being 
raised 150° F. and the temperature of the waste gases being lowered 300° F. ; if 
tho specific heat of tho flue gases is 0 - 24, what weight of furnace gases are 
produced per pound of coal burned? [Inst. (_».F.| 

13. A boiler fuel whose calorific value is 8120 O.H.U. (I4,f»l(» BTh.V.) per 
lb. contains 85 per cent, of carbon. Tho chimney gases contain 11*5 per cent, of 
CO and 0 5 per cont of CO by volume. 5 per cent, of tho carbon of the fuel is 
lost in the ashes. Calculate the percentage loss of heat due to the formation of 
CO instead of CO,.. 

14. Til a boiler trial the analysis of the dry coal used was, per cent. : O. 84; 
H, 5; O, 8; ash, etc., 3. The moisture in tbe coal -is usod was 002 lb. per lb. 
of dry coal. The calorific value of tho dry coal was 8100 O.H.U. (14,742 
B.Th.U.). 

The analysis of the dry chimney gases by volume was, per cent. : CO.,, 10’1 ; 
CO, 0'3; O, 9*3; and N (by difference), 80 ,, 3. 

The temperature ol the air was 25° C. (77° F.) and the temperature of the 
chimney gases was 315° C. (599° F.). 

Calculate tho following heat losses per lb. of dry coal stoked, expressing each 
loss as a percentage of the calorific value of .1 lb. of dry coal. 

(<zl Heat lost through incomplete combustion of carbon. 

(6) Heat lost in steam in chimney gases, taking the mean specific hoat of 
superheated steam as 0’48. 

(c) Heat lost in dry products of combustion exclusive of excess' air, taking 

tho mean specific beat as 0*24. 

(d) Heat lost in excess air, taking tho mean specific heat as 0*24. 



CHAPTER XII 

RECIPROCATING STEAM ENGINES 

171 The Reciprocating Engine Mechanism.— The principal parts, 
other than the valvo gear, common to reciprocating steam engines are 
represented in Fig. 215, which illustrates a simple form of engine 
Tho parts to bo mentioned may vary in form in engines of different 
sizes or by different makers. Tn subsequent chapters most of the 
details of reciprocating engines are separately considered and illustrated 
with a considerable degree of fullness. 

Referring to Fig. 215, the cylinder 1 is bolted at one end to the 
frame 2. The cylinder rover ;» is bolted to the other end of the 
cylinder. The cylinder is covered with some form of non-conducting 
composition 4 called lagging, and a finished appearance is given to the 
cylinder by covering the lagging with planished steel sheet 5. The 



piston 6 is attached to one ond of the piston rod 7 which works through 
the stuffing-box and gland 8. The crosshead 9 is attached to the other 
end of the piston rod and is supported and guided by the guides 10 
which in this case are iu one piece with the engine frame. One end of 
the connecting rod 11 is jointed to the crosshead by the gudgeon pin 12 
while the other end embraces the crank pin 13 of the crank 14 which 
m this case is forged in one piece with the crankshaft 15. The crank 
shaft runs in tho main bearings of which one is shown at 16. It is 
a good plan to form a gutter 17 round the base of the frame or bed of 
the engine to catch the wasto lubricating oil and prevent it spreading 
over the floor of the engine room. Steam enters and leaves the cylinder 
by the ports 18. 

Important details not shown in Fig. 215 are, the valve or valves and 
valve gear for the distribution of tho steam in the cylinder, and the 
governor for regulating the speed, but these have separate chapters 
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devoted to them, as, also, have air pumps and condensers for condensing 
engines, 

*s)®L Types of Reciprocating Engines. — Of the numerous classifica- 
tions which may be made of reciprocating engines the principal are the 
following:— 

Single and Double Acting.— In a single-acting engino the steam acts 
on one side of the piston and the atmosphere on the other, while in a 
double-acting engine the steam acts on both sides of the piston. Other 
conditions being the samo, a double-acting engine will develop twice the 
power of a single-acting engine, and for this reason single-acting steam 
engines are now rare. 

Vertical and Horizontal. — An engine is said to be vertical or hori- 
zontal according as the axis of its cylinder is vertical or horizontal. A 
horizontal engine takes up more floor space than a vertical engine of 
the same size. The parts of a horizontal engine are generally more 
accessible than those of>a veitical engine. The conditions in a vertical 
engine are more favourable to the piston and cylinder as regards wear 
and friction than they aro in a horizontal one. 

Slow and High Speed. — In speaking of the speed of a reciprocating 
engine it is the speed of the crank shaft, in revolutions per minute, 
which is referred to. An engine having a piston stroke of 5 feet and a 
shaft speed of f>0 revolutions per minute would have an average piston 
speed of 600 feet per minute. This would be called a slow-speed engine. 
Another engino having a piston stroke of 1 foot and a shaft speed of 
300 revolutions per minute would be called a high-speed engine hut its 
average piston speed would be the same as that of the slow-speed engine 
just mentioned. 

Speaking generally, an engino speed of less than 100 revolutions per 
minute would be called a slow speed, and a speed not less than 250 
revolutions per minute would be called a high speed, while a speed 
between 100 and 250 revolutions per minute would be called a medium 
speed. 

The great advantage of a high-speed engine over a slow-speed one 
is that for the same power it is much smaller, and several obvious 
advantages follow this reduction in dimensions. The high speed also 
conduces to economy of steam as there is less time for the interchange 
of heat between the steam and the cylinder. 

Non-condensing and Condensing . — A non-condensing engine is one in 
which the steam exhausts into the atmosphere and the steam pressure in 
the cylinder should therefore not fall to less than that of the atmosphere. 
In a condensing engine the steam, after doing work in the cylinder, 
passes into a condenser and is reduced to water at, a pressure consider- 
ably below that of the atmosphere. This enables the steam to do more 
work in the cylinder. 

Simple and Compound . — A simple engine is one in which each of its 
cylinders receives steam direct from the boiler and exhausts into the 
atmosphere or into a condenser. In a compound engino the steam from 
the boiler after expanding to a certain extent in one cylinder, called 
the high-pressure cylinder , exhausts into a larger cylinder, called the 
low-pressure cylinder , where the expansion is completed. The low- 
pressure cylinder generally exhausts into a condenser, that is to say. 
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compound engines are generally condensing engines but they may be 
non -condensing. 

This subdivision of the expansion may be carried out in three or 
even four cylinders in succession as in triple-expansion and quadruple- 
expansion engines. Whatever the number of expansion stages, the 
high-pressure cylinder is that in which the first stage is performed and 
the low-pressuro cylinder is that in which the last stage is performed. 
The intermediate expansion takes place in the intermediate cylinder in 
the case of a triple-expansion engine and in a first intermediate and then 
in a second intermediate cylinder in the c^se of a quadruple-expansion 
engine. 

In large engines, when a single low-pressure cylinder would be 
inconveniently large, two low-pressure cylinders are used, each taking 
half the steam discharged from the preceding cylinder. 

Since the extension in the use of superheated steam and the intro- 
duction of the steam turbine, quadruple-expansion engines are not now 
so common as they were. 

The reason for compouj tiding is given in the next Art. 

173. Reason for Compounding. — Unfortunately for the efficiency 
of reciprocating steam engines there is an interchange of heat between 
the steam and the cylinder. During the early part of the stroke when 
the steam is hottest it gives up heat to the cylinder. After cut off, 
as the steam expands, its temperature falls. The fresh surface of the 
cylinder exposed to the expanding steam, as the piston advances, has 
just been in contact with the, steam on the other side of the piston, 
which is at the temperature corresponding to the, back pressure, and, 
up to a certain point, at a lower temperature than the expanding steam. 
Consequently up to a certain point of the stroke the fresh surface of 
the cylinder will extract heat from the expanding steam. But the 
surface of the cylinder which the piston has left behind has already 
been heated up during the earlier part of the stroke and is hotter than 
the expanding steam and will give up heat to the steam. The net 
result is that up to some point in the stroke the steam is giving heat to 
the cylinder and beyond that point the cylinder is giving heat to the 
steam. 

If the steam is saturated when it is giving heat to the cylinder 
some of the steam will condense, and when the cylinder is giving heat 
to the steam some of the water in it will he re-evaporated. 

Stated briefly, the steam loses heat to the cylinder during the earlier 
part of the stroke and partly recovers this towards the end of the 
stroke, but the heat recovered is almost immediately and almost 
entire ly lost in the exhaust. This interchange of heat will evidently 
be greater the greater the ratio of expansion with its greater range of 
temperature. 

Now if the steam is transferred to another cylinder when only" 
partly expanded, and the expansion be completed in that cylinder,, 
the range of temperature in each cylinder will be much les^ than when 
all the expansion takes place in one cylinder. There will now be less 
loss of heat from the steam to the cylinder over the earlier part of the 
stroke and loss gain of heat during the later part. Also, and this is 
most important, the, heat recovered by the steam towards the end of 
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the stroke in the first cylinder is effective in doing work in the second 
cylinder. 

In triple-expansion engines the principle of compounding is 
extended to three stages when the initial pressuro and ratio 
of expansion are higher than would be suitable for compound 
engines. 

The adoption of superheated steam has enabled economical engines 
to be constructed with higher initial pressures and greater expansion 
ratios with fewer expansion stages. Condensing engines are now made 
compound with initial pressures up to 1G0 lb. per square inch by 
gauge. The greater the superheat the higher may be the pressure 
without increasing the number of expansion stages. For initial 
pressures above 1G0 lb. per square inch, by gauge, triple-expansion 
engines are generally used. 

In locomotives, which are non-condensing, superheating is now 
common and pressures up to 180 lb. per square inch, by gauge, are 
common in simple engines, and up to 225 lb. per square inch in 
compound engines. 

Incidentally there are some further advantages due to compounding. 
When the different pistons are coupled to separate cranks this leads to 
a more uniform turning effort on the crank shaft. A more uniform 
turning effort could of course be obtained by using two or more simple 
cylinders of smaller size and two or more cranks, but the turning effort 
would not then be so uniform as in the equivalent compound or triple 
expansion engine with the same total ratio of expansion because the 
range of piston effort in the simple engine is much greater than in the 
cylinders of the others. 

A reduction of the range of cylinder pressure also means a reduction 
in the stresses in the framing, shafting, etc. 

174. Woolf and Receiver Compound Engines. — A compound 
engine may be a Woolf engine or a receiver engine. In the Woolf type 
the pistons of the H.P. and L.P. cylinders begin and end their strokes 
together ; such is the case when the pistons are on the same rod and 
are coupled to one crank, or when the pistons are coupled separately 
to cranks at 180°. Other types are called receiver engines because a 
receiver or reservoir is necessary to receive the steam from the II. P. 
cylinder and hold it until it is wanted by the L.P. cylinder. In many 
cases the receiver is simply the pipe leading from the H.P. to the L.P. 
cylinder. 

In a Woolf engine the time during which exhaust takes place from 
the H.P. cylinder coincides more or Jess with the time of admission to 
the L.P. cylinder. Hence no receiver, or only a small one, such as is 
formed by the pipe between the cylinders, is necessary. 

The pressure in the receiver will of course fluctuate according to the 
supply of and demand for steam. 

The receiver of a receiver engine is frequently jacketed, and the 
jacket supplied with steam direct from the boiler. The receiver may 
be multi-tubular, like a surface condenser. In that case the exhaust 
steam from the H.P. cylinder passes through the tubes and the space 
surrounding them is supplied with boiler steam. .. 

The object in reheating the steam on its way from the H.P. to the 



235 


RECIPROCATING STEAM ENGINES 

L.P. cylinder is to dry it so that it may be more effectively used in the 
latter cylinder. 

Arrangement °f Cylinders and Cranks in Compound and 
Triple-Expansion Engines. — A common form of compound engine is 
the cross-compound shown in Figs. 216 and 21 X. This is a receiver 
engine. There are two cranks at right angles. 



Fio. 21G. — Cross-compound. Fig. 217. — Twin tandem compound. 


Pm n 



Fio. 218. — Cross-compound. Fig. 212. — Triple-expansion. 


A twin tandem compound engine is shown in Fig. 217. This engine 
is made up of two Woolf engines. The cranks are at right angles. A 
three-cylinder triple-expansion engine is shown in Fig. 212. There are 
two cranks at right angles, the R.P. and l.P. pistons being coupled to 
one and the L.P. piston to the other. x 

The cylinders for a three-cylinder thrcc-crank triple-expansion 
engine are shown in Fig. 220. The cranks make 120° with one 
another. 
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Fig. 220.— Throe-cylinder triple- Fig. 221 .-Four-cylinder triple- 

expansion. expansion. 


The cylinders fora four-cylinder four- crank triple-expansion engine 
are shown in Fig. 221. This is an arrangement which lends itself to 
proper balancing by adjusting the angles between the cranks and the 
magnitudes of the reciprocating masses. The cranks of the right hand 
pair of cylinders are more or less opposite to one another and so are 
those of the left hand pair, and the right hand pair of cranks are 
approximately at right angles to the left hand pair. 
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Another arrangement of the cylinders of a four-cylinder triple- 
expansion engine is shown in Fig. 222. In this case there are two 
cranks at right angles. 

* 176. The Allen High-Speed Triple-Expan- 
sion Engine. — As an example of a modern high- 
speed engine which has proved to be highly 
efficient, reliable and durable, the type manu- 
factured by Messrs. W. II. Allen, Son & Co., 

Bedford, may be taken. The engine as a whole, 
which is, of the three-cylinder triplc-oxpansion 
type, is represented in Fig. 223. Illustrations 
and descriptions of various details of this engine 
will be found further on and an index to these 
is given at the end of this Art. 

In the particular engine shown in Fig. 223 Fio. 222. — Four-eylin- 
the diameters of the cylinders are : high pressure ^ er triple-expansion. 
(HP), 14 inches; intermediate pressure (IP), 

21 inches ; low pressure (LP), 32 inches. All the pistons have the 
same stroke, 13 inches. The valves which control the admission and 
exhaust of the steam to and from the cylinders are of the piston 
tpye, made of cast iron, and without packing rings. 

Steam from the boiler, after passing through the throttle valve, 
enters the high-pressure valve chest at A and after doing its work 
in the high-pressure cylinder exhausts over the ends of the valve 
to the outlet B from which it is led through a passage at the back 
of the cylinder to the inlet C of the intermediate-pressure valve chest. 
After doing its work in the intermediate-pressure cylinder the steam 
exhausts through D and the passage DE behind the cylinder to the 
low-pressure valve chest. After doing its work in the low-pressure 
cylinder the steam is led through F to the condenser which is separate 
from the engine. 

An important feature of this and other high-speed engines is the 
system of forced lubrication. The lubricant, which should be a pure 
mineral oil, is supplied to the various bearing surfaces by a small 
pump at a pressure of about 15 lb. per square inch. The oil pump is 
of simple design, having neither loose valves nor packing, and is 
driven off the high-pressure eccentric. The oil, which is pumped 
from the bottom of the crank chamber, is first delivered through steel 
pipes to an oil strainer, and thence to a main distributor which acts as 
a reservoir. An air vessel is fitted to this distributor in order to keep 
the oil pressure nearly constant. From the distributor tlie oil is 
forced through pipes direct to each of the main bearings 

Holes drilled in the crank shaft, shown by dotted lines in Fig. 223, 
deliver a supply of oil to the crank pins and eccentric sheaves from 
the main bearings. From each crank pin a pipe running up the con- 
necting rod leads the oil to the crosshead pin and thence through 
a hole to the guide shoe. The valve rod pins and valve rods are 
lubricated in a similar manner through pipes from the eccentrics. 

The oil after passing through the various bearings is returned to 
the bottom of the crank chamber to be used over again. The piston 
rods and valve rods pass through glands 14 and 15 which scrape the 





HP. High-pressure cylinder. 

IP. Intermediate -pressure cylinder. 
LP. Low-pressure cylinder. 

1. Pistons. • 

2 Piston rods. 
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Fig. 223. — Allen high-speed enclosed tripic-expausion engine. 
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oil off these rods and prevent it passing up to the cylinders. The 
internal lubrication of the cylinders is effected by means of a sight 
feed lubricator which delivers into the steam a regular and measured 
supply of oil. 

With a boiler pressure of 150 lb. per square inch, a vacuum of 
26 inches of mercury, and at a speed of 330 revolutions per minute, 
this engine, at full load, develops 670 indicated horse-power and 625 
brake horse-power, with a steam consumption of 14j lb. per indicated 
horse-power per hour. 

For full particulars of some of the details of this engine see 
Fig. 268, p. 256 (piston rod stuffing-box) ; Fig. 267, p. 256 (valve rod 
stuffing-box) ; Fig. 269, p. 256 (piston rod oil-scraping gland) ; 
Fig. 274, p. 25S (erosshoad) ; Fig. 280, p. 261 (connecting rod); Fig. 
300, p. 267 (eccentric, eccentric rod, etc.) ; Fig. 303, p. 269 (throttle 
valve) ; Fig. 406, p. 334 (governor) ; and Fig. 434, p. 347 (piston valve). 

177. Reciprocating Marine Engines. — Slow-speed cargo boats, 
which form the most numerous class of ships afloat, require large 



Fig. 224. 


propellers rotating at speeds of 60 to 80 revolutions per minute. For 
this service reciprocating engines are almost exclusively used. The 
steam turbine has practically displaced the reciprocating engine in 
high-speed vessels and with the successful application of reducing gears 
will probably become more common in lower speed ships. 

Of reciprocating engines on board ship the most common is the 
triple -expansion type. The general features of a three-cylinder three- 
crank triple-expansion marine engine are shown in Fig. 224. This is 
an illustration prepared from one given in a paper by Mr. D. Gibson 
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on u The Reciprocating Engine' in Marine Practice and its Probable 
Future ” in the Transactions of the Manchester Association of Engineers , 
1908-9. The type illustrated is usually made for powers of 2500 to 
4000 I.H.P. 

Referring to Fig. 224, 1, 2, and 3 are the H.P., I.P., and L.P. 
cylinders respectively. The cylinders are bolted together and to the 
cast-iron columns 4 which are' in turn bolted to the bed plate 5 which 
contains the bearings of the crank shaft. Steam enters the II.P. 
valve chest through the stop valve 6. The II.P. cylinder has a piston 
valve and the I.P. cylinder lias two piston valves which move together, 
their spindles being connected to a crosshead beneath the valve chest. 
The L.P. cylinder has a double-ported slide valve fitted with a relief 



Fig. 225. 


frame and having a balance cylinder 7 similar to that shown in 
Fig. 430, p. 345. " 

Each of the three valve gears 8 is a Stephenson link motion. The 
exhaust pipe 9 leads the steam from the L.P. cylinder to the surface 
condenser 10. The air pump 11 is driven by rocking levers 12 from 
the L.P. crosshead. It is now usual to have separate and independent 
circulating anti feed pumps, the circulating pump boing of the centri- 
fugal type. 

The four-cylinder four-crank triple-expansion engine lias its 
cylinders arranged as in Fig. 221, p. 235. This type permits of a 
higher speed, if necessary, on account of the more perfect balance of 
the reciprocating parts. 

A typical four-cylinder four-crank quadruple- expansion engine is 
shown in Fig. 225 ; this illustration has also been prepared from one 
in Mr. Gibson’s paper. 1, 2, 3, and 4 are the H.P., first I.P., second 
I.P., and L.P. cylinders respectively. 
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178. Wheel Arrangements of Locomotives. — The wheels of a 
locomotive are either coupled wheels or simply carrying wheels; of the 
former one pair, on the driving axle, are driving wheels . All the 
coupled wheels must be of the same diameter ; the carrying wheels 
are always smaller than the coupled wheels but any two wheels on the 
same axle must be of the same diameter. Wheels in front are called 
leading wheels and those in the rear trailing wheels. Carrying wheels 



Fig. 236. 


may be in separate pairs or four of them may be on two axles whose 
bearings are in a frame forming a four-wheeled bogie . 

The wheel-base of a locomotive is the distance between the axes of 
the front and rear wheels. The rigid wheel base is the distance 
between the axes of the forward and rear coupled wheels. 

Flexibility in running round curves is obtained in various ways. 
A four-wheeled bogie is capable of turning slightly about a vertical 
pin placed at or near the centre of the bogie. A two-wheeled bogie 
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is also capable of turning about a vertical pin at some distance from 
the axle. A radial axle-box enables* a single axle to have the same 
kind of movement as that of a two-wheeled bogie. Arrangements 
may also be provided on bogies and single axles of carrying wheels for 
allowing side play. 

To those familiar with locomotives a good deal of information is 
conveyed by a statement of the wheel arrangement. This statement 
should give the number of coupled wheels, the number of wheels in 
front of the coupled wheels and the number behind. By means of 
a simple notation this may be done very briefly. Let a bo the number 
of wheels in front of the coupled wheels, b tho number of coupled 
wheels, and c the number of wheels behind, then a-fc-r is a statement 
of the wheel arrangement. Examples are given in Figs. 226 to 236. 

An articulated locomotive is one in which there are separate engine 
frames each with its own cylinders, valve gears, wheels, etc., each 
frame as a whole being capable of slight angular movement with 
respect to the boiler in order to give flexibility in rounding curves. 
Articulated locomotives ai*e used when great power combined with 
exceptionally large tractive force is required. 

179. Tractive Force of a Locomotive. — Neglecting the engine 
friction the work done in tho cylinders in a given time is equal to the 
work done at the drawbar in the same time. Taking tho case of 
the ordinary two-cylinder engine, let d = diameter of cylinders in 
inches, l = stroke of pistons in inches, p = mean effective pressure in 
cylinders in lb. per square inch, 1) = diameter of driving wheels 
in inches, and T = tractive force or drawbar pull in lb. 

In one revolution of the driving wheels the work done in the 

7T 

cylinders is -d 2 pl X 2 X 2 inch-pounds. 

The distance travelled by the engine for one revolution of the 
driving wheels is 7rD inches, and the work done at tho drawbar is 
irDT inch-pounds. 

Hence, ttDT = x2x 2. Therefore T = . 

For starting tho engine, j p is generally taken at from 75 to 85 per 
cent, of the boiler pressure and for working at full power p may be 
taken at from 60 to 65 per cent, of the boiler pressure, the boiler 
pressure being the gauge pressure, not absolute pressure. 

Allowing for the friction of the engine the actual tractive force is 
about 80 per cent, of the theoretical. 

180, Adhesion of Locomotives. — When the driving wheels are just 
on the point of slipping on the rails the ratio of the tractive force at 
that instant to the total weight on the driving wheels (including the 
coupled wheels) gives the coefficient of friction or coefficient of adhesion 
between the wheels and the rails. This coefficient varies from about 
one-fourth (560 lb. per ton) when the rails are very dry or very wet 
to about one-ninth (250 lb. per ton) when the rails are damp and 
greasy. 

It is usual to assume that when the engine is running the 
coefficient of adhesion is about one-sixth (370 lb. per ton) but at starting 
it may be taken at one-fourth (560 lb. per ton). 

B 
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The adhesive force is the total weight on the rigid wheel base 
multiplied by the coefficient of adhesion. 

In order that there may be no slipping of the wheels on the rails 
the adhesive force must exceed the actual tractive force. 

181. Express Locomotive : G.E.R. — For express passenger traffic 
the four-coupled typo of engine was at one time the most common but 
for the increasing loads which this traffic has demanded the six-coupled 
has .become a very common type. As an example of a modern express 
passenger locomotive the following particulars of the 4-6-0 type used 
on the Great Eastern Railway may bo of interest. 

Boiler . The barrel has a mean inside diameter of 5 ft., and the 
length between the tube plates is 12 ft. 10 in. There are 191 steel 
tubes lfj iuches external diameter, arid 21 steel tubes 5} inches 
external diameter containing the elements of a Schmidt superheater. 
The tubes of the superhefiter elements have an external diameter of 
If inches. 

Tho fire-box is of the Bclpaire type. The outside measurements of 
the fire-box casing are : Length, 8 ft. 6 in. ; width at top, 5 ft. .'I- in. ; 
width at bottom, 4 f t. 0J in. The front half of the grate slopes upwards 
to clear tho axle of the intermediate coupled wheels while tho hack 
half is horizontal. 

The total heating surface is 1919 sq. ft. made up as follows : 
Ordinary If in. tubes, 1123 sq. ft.; 5] in. tubes, 366*1 sq. ft.; super- 
heater element tubes, 286-4 sq. ft. ; fire-box, 143*5 sq. ft. The grate 
area is 26*5 sq. ft. 

There are four 3-in. safety valves, and tho working pressure is 
180 lb. per sq. in. 

Engine, There are two cylinders 20 inches in diameter. Stroke 
of pistons, 28 in. The steam distribution is by piston valves, one to 
each cylinder, each being driven through a Stephenson Jink motion by 
two eccentrics, one for forward and the other for backward running. 

Fig. 237 shows, in plan and elevation and various sections, the 
principal parts of one half of the engine. The other half is the same 
as that shown but the crank of the one is at right angles to the crank 
of the other. 

The principal parts are numbered and are here tabulated. 

References are also given to illustrations of certain details which 
in some cases, although similar, may not be exactly the same as those 
on this particular engine. 


1. Cylinder. 

2. Piston. 

3. Piston rod. 

4. Piston tail-rod. 

5. Piston red stuffing-box with 

metallic packing (Fig. 264, 
p. 255). 

6. Piston tail-rod guide (Fig. 265, 

p. 255). 

7. Crosshead (Fig. 279, p. 260). 


8- Slide bar. 

9. Connecting rod (Fig. 284, 
p. 263). 

10. Crank arms. 

1 1 . Crank axle. 

12. Forward eccentric. 

13. Backward eccentric. 

1 4. Forward eccentric rod. 

15. Backward eccentric rod. 

16. The link, jointed to outer 

ends of eccentric rods. 
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17. Suspension links supporting 22. Lever rocking on the fixed 

the link 16. axle carried by 23. 

18. Weigh -bar shaft. 23. Brackets. 

19. Arm forged on 18 and jointed 24. Suspension links for 21. 

to 17- 25. Bracket carrying 24. 

20. Arm forged on 18 for operating 26. Rod connecting lever 22 with 

weigli-bar shaft through a 27. 

rod jointed to its outer end 27. Piston valve spindle. 

and proceeding to the cab. I 28. Pistons of piston valve (Fig. 

21. Link carrying motion block j 435. p. 347). 

which works inside the link j 29. Liners in which piston valve 
16 and connects it to 22. | works (Fig. 436, p. 348). 

The steam from the boiler after passing through the superheater 
enters the valve casing at A between the two pistons of the piston 
valve and after passing through the ports in the liner 29 enters the 
cylinder. The steam, after doing its work in the cylinder, returns 
through the steam ports in the liner 29 and then passes through the 
outer ports in the liner to the blast pipe which is mounted at K>. 
The course of the exhaust steam is clearly shown in the section on 
the plan, in which the liner 29 is removed, and in the sections at 
YY and XX. 

Wheel s and Wheel Base. The driving and coupled wheels have a 
diameter of 6 ft. 6 in. The wheels of the four-wheeled bogie have 
a diameter of 3 ft. 3 in. The tender has six wheels 4 ft. 1 in. in 
diameter 

The total wheel base of the engine is 28 ft. 6 in. The rigid wheel 
base is 14 ft. and the bogie wheel base is 6 ft. 6 in. 

The tender wheel base is 12 ft. and the total wheel base of the 
engine and tender is 48 ft. 3 in. 

Weights in Working Order. The total weight of the engine and 
tender is 103*25 tons distributed as follows. On bogie wheels, 20 tons ; 
on driving wheels, 16 tons; on intermediate wheels, 14 tons; on 
trailing wheels, 14 tons; on tender wheels 39*25 tons. 

The capacity of the tender for coal is 4 tons and for water 3700 
gallons. 

The adhesive power of the engine at 508 lb. per ton is 
508 (16 -f 14 -f 14) = 22,352 lb. 

The tractive force, taking the mean effective pressure in the 
cylinders as 82 per cent, of the boiler pressure, is by the formula proved 
in Art. 179. 

_ d*pl __ 202 x 0-82 X ISO X 28 __ 

D ~ " "l»x 6-5 --1,194 1b. 

182. Semi-Portable Steam Power Plants. — The term semi-portable 
is applied to steam power plants in which the engine and boiler form one 
structure with one foundation. Such plants occupy comparatively 
small floor space and require only light and inexpensive foundations. 
There are two principal types of semi-portable steam plants. 

(1) The under-type in which the Ixnler is of the locomotive type 
standing on a bed-plate or frame to which the engine is attached 
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under the barrel of the boiler. The engine is horizontal and usually 
non-condensing. 

(2) The over-type , generally known as the locomobile, in which the 
engine is fitted on top of the boiler which is of the Cornish multi- 
tubular type. The locomobile has been developed to a much greater 
extent than the under- type in the direction of high thermal efficiency. 
The locomobile is generally condensing and has a superheater and a 
feed-water hoater. 

Fig. 238 is a general view of the locomobile as made by Messrs. 
Marshall, Sons it Co., Ltd., Gainsborough. The boiler 1, it will be 
seen, is cylindrical and horizontal ; it has one furnace from which the 


MARSHALL LOCOMOBILE 



hot gases pass through a considerable number of horizontal tubes to 
the smoke-box 2 which is an extension of the boiler shell. The gases 
then pass up the chimney 3. There is a superheater in the smoke-box 
through which the steam passes on its way to the engine. The front 
end plate of the boiler is bolted to the shell and the back tube plate is 
also secured by bolts so that the furnace and tubes may readily bo 
removed bodily for cleaning or repair. 

The engiue is of the two-cylinder compound type. The two 
cylinders 4 are side-by-side in one casting, iitted with liners, and are 
bolted directly to the boiler. Both cylinders have piston valves driven 
through rocking levers by eccontrics on the crank shaft 5. The crank 
shaft is supported in bearings carried by a steel saddle riveted to the 
boiler shell, the bearings being connected to the cylinder casting by a 
framo. The forces transmitted from the pistons to the crank shaft are 
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balanced in the frame and not in the boiler shell. Provision for 
expansion of the boiler in relation to the engine is also made. 

The engine is controlled by a governor on the crank shaft which 
regulates the cut-off in the high-pressure cylinder. 

The exhaust steam from the low-pressure cylinder is led by the 
pipe 6 to a tubular feed- water heater 7 and then passes to the jet 
condenser 8. The air pump 9 is workod by an eccentric on the crank 
shaft through the rod 10 which also connects to the feed pump. An 
injector 12 is also provided. 

The power is taken off by belt from one or both of the fly- 
w heels 11. 

Engines of the locomobile type are usually not of large power, say, 
50 to 300 horse-power, but they have been made up to 1000 horse- 
power. 

The close proximity of the engine to the boiler conduces to the 
reduction of radiation losses and the plant as a whole is highly 
ellicient. The following are some particulars of a four hours 1 trial of 
a Marshall locomobile reported in Engineering , Nov. 6, 1914 : — Tempera- 
ture of feed, 120° F. Steam pressure (gauge), 188*7 lb. per square 
inch. Superheat, 158° F. Vacuum, 27 inches of mercury. Revolu- 
tions per minute, 206. Brake horse-power, 124. Coal consumption, 
1*47 lb. per 13.11. 1\ per hour. Calorific value of coal, 11,500 B.Th.U. 
per lb. Coal burnt per square foot of grate, 23*7 lb. per hour. With 
good Welsh coal having a calorific value of 11,250 B.Tli.IJ. per lb. the 
equivalent consumption would have been 1*185 lb. per B.II.P. per 
hour. 

183. The Uniflow Engine.- What is now know n as the uni How or 
straight- fin to steam engine was anticipated in a design of engine for 
which a British patent was granted in 1886 to Mr. L. J. Todd of 
London, and which he called the mitl-cgliuder ex haunt engine. There 





Fin. 239. 


seems to be no record of Mr. Todd’s design having been carried into 
practice at the time, but about twenty years later Professor Stumph 
of Charlottenburg resuscitated the mid-cylinder exhaust ongino and 
proved that, if properly designed, it could be a most efficient engine. 
Since then its manufacture has been undertaken in many countries. 
The reason for calling this type a uniflow or straight-flow* engine will 
appear presently. 

The special features of the uniflow engine will be understood by 
reference to Fig. 239 which shows a longitudinal section and a central 
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transverse section of the cylinder. The ends or heads of the cylinder 
are hollow and each contains a double beat drop valve at A, but the 
valves are not shown. Steam enters the cylinder heads at B. At the 
middle of its length the cylinder barrel has a number of exhaust ports 
E which lead into a hollow belt C surrounding the barrel. The 
piston P is very long, its length being equal to its stroke minus the 
length of the exhaust ports. Steam entering the cylinder through the 
admission valve is cut off at an early part of tho stroke and then 
expands as the piston completes its forward stroke. Exhaust takes 
place during the time that the exhaust ports K are uncovered by the 
piston. On the completion of the exhaust the steam remaining in tho 
cylinder is highly compressed during the return stroke of the piston. 

In an ordinary reciprocating engine the steam after following the 
piston during one stroke lias to return and lea\e the cylinder by the 
port through which it entered at the end of the cylinder or by another 
port at the same end. In the niid-cvlinder exhaust engine there is no 
such return of the steam, hence the designation uniflow or straight 
flow applied to this type of engine. 



As has already been explained in giving the reason for compound- 
ing, the whole of tho cylinder of an ordinary reciprocating engine is 
swept by the exhaust steam, and the fresh steam on entering loses a 
large amount of heat to the cooled cylinder : but in the uniflow engine 
the cylinder in tho neighbourhood of the exhaust ports remains at the 
exhaust temperature while the ends of the cylinder remain practically 
at the initial steam temperature. During expansion the steam will of 
course fall in temperature and some of it will condense, but at the 
admission end the expanding steam will receive heat from the cylinder 
head which is always full of steam at the initial temperature. The 
coolest steam will therefore be nearest to the piston and it is this 
steam which will be first exhausted, and when the exhaust ports are 
closed the steam shut into the cylinder will be practically dry and 
during its compression it will become superheated and the fresh supply 
of steam coming in at the beginning of tbc next stroke will enter the 
hot clearance space and mix with the hot compressed steam and there 
is therefore no initial condensation. The result is that a high ratio of 
expansion may be adopted in the cylinder of a uniflow engine without 
serious loss due to condensation and, consequently, this engine, with 
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all the expansion taking place in one cylinder, may be as economical 
as a multi-stage expansion engine in which the steam is expanded in 
several cylinders in succession. 

The claim made for the uniflow engino in regard to economy of 
steam compared with the multi-stage expansion engine is exhibited 
graphically by the indicator diagrams in Figs. 240 and 241 given by 
Professor Stumph. Fig. 240 shows the diagrams from the cylinders of 
a quadruple-expansion engine com- 


bined in one diagram while Fig. 241 
shows the diagram from a uni flow 
engine. The total ratio of expansion 
is the same in both cases. The black 
areas represent the losses. 

To sum up the claims for the 
uniflow engine : The same amount of 
steam will do as much work in one 
cylinder of a uniflow engine as would 
be done in the several cylinders of 
a multi-stage expansion engine, the 
stroke volume of the one cylinder of 
the former being no larger than that 
of the low-pressure cylinder of the 
latter. 

The design of drop valve used in 
Professor Stumph’s engines is shown 
in Fig. 242. A roller in a slot in thn 
reciprocating piece 8 acts on the cam 
shown which is connected to the 
valve spindle. 

It must be noted that the cylinder 
of a uniflow engine has to be thicker 
than any of the cylinders of a multi- 
stage expansion engine of the same 
power, at the same speed, to with- 



Fig. 242. 


stand tho high initial pressure, and 


the reciprocating parts are very heavy, causing large inertia forces 
at each end of the stroke but these forces are largely balanced by 
the high compression and high initial pressures. 



CHAPTER XIII 

RRCIPR OCA TING STEAM ENGINE DETAILS 


184. Pistons. — The points to consider in regard to pistons are : — 
(1) The form and material of the body of the piston, (2) the attach- 
ment of the body to the piston rod, and (3) the design of the packing 
which prevents or reduces leakage past the piston and yet enables the 
piston to move in the cylinder with comparatively little friction. 

Hollow or box-shaped pistons are shown in Pigs. 243, 244, and 
2 1:7 . These are made of cast iron, and the larger sizes are strengthened 
and .stiffened by internal radial ribs. For rt.iin forms of packing a 
junk riny J, Fig. 247, is necessary. The packing is placed in the 
annular space 1\ between the junk ring and the flange F on the piston. 
The junk ring may he bolted to the piston as shown in Fig. 247, but 
more generally as shown in Fig. 249. Solid cast iron bodies are also 
used for pislons of small and medium diameter. Two forms of these 
are shown in Figs. 245 and 210. 



Fju. 213. 



As a material for piston bodies cast iron is now very largely super- 
seded by cast stool except for pistons of small diameter. Forged steel 
pistons are also used to a considerable extent. For the same strength 
and stiffness cast steel or forged steel pistons are much lighter than 
those made of cast iron. The box shape is never used for east steel or 
forged steel pistons unless they are built up. Fig. 248 shows a cast 
steel piston from locomotive practice. A type of cast steel piston 
largely used, especially in marine enginos, is shown in Fig. 249. The. 
junk ring »J is however generally made of cast iron. 

The illustrations already referred to also show approved methods 
of connecting the piston to tho piston rod. The part-of the rod within 
the piston is generally entirely conical or partly conical and partly 
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cylindrical. A collar C on the piston rod, Figs. 246 and 249, at the 
base of the conical part, gives a shoulder which limits the bursting 
action of the conical part on the piston boss. 

Referring to Fig. 249, the nuts on the junk ring studs S are locked 
by the ring L which is fastened to the junk ring by studs T. The 
collars on the studs 8 under the junk ring prevent these studs from 



Fig. 2-17. Fig. 24H. 


unscrewing. The studs for the locking ring are prevented from 
unscrewing by having square necks, inside square holes in the ring, and 
the nuts on the ring are secured by split pins through the tops of 
the studs The nut on the piston rod is secured by the locking plate 
R and two or three studs and nuts N. 

It will be seen that the boss of the piston in Fig. 249 has a screw 
thread V cut on it. This is for the purpose of carrying an appliance, 




such as is shown in Fig. 250, for removing the piston from the rod 
when necessary. Instead of a screw thread V a narrow flange E is 
frequently formed on the boss for the same purpose. Tt may be left 
as an exercise for the student to design an appliance for removing the 
piston from the rod when the boss is flanged instead of being screwed. 

The form of piston packing which is used more than any other is 
that first introduced by the late Mr. John Ramsbottom in the locomo- 
tives on the London and North Western Railway. In its simplest 
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form this packing consists of two or more rings, generally of cast iron, 
of rectangular section which fit into grooves turned in the rim of the 
piston. These rings are first turned a little larger in diameter than 
the bore of the cylinder (about } inch per foot of diameter). They are 
then cut across at one point, either square or obliquely, as shown in 
Fig. 251, and sprung over the piston into the grooves prepared for 
them. Their own elasticity causes the rings to press outwards against 
the cylinder. The rings exert a more uniform pressure on the cylinder 
when, after they are cut, they are compressed and clamped between 
discs and turned to the exact diameter of the cylinder. 

At the point where the ring is split a leakage of steam will take 





■1 



Fm. 251. 



Fig. 252. 
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place but with quick running pistons this leakage is not of great 
importance. By cutting the rings so that the ends may overlap as 
shown in Fig. 252 this leakage is diminished. Cutting and overlapping 
the ends as shown in Fig. 253 makes a steam-tight joint if it is 
accurately constructed. Leakage at the split may he stopped by 
attaching an overlapping piece fitting into a recess on the side of the 
ring as shown in the upper part of Fig. 254. The lower part of Fig. 
254 shows how leakage at the split of a broad packing ring may be 
prevented. The pac king ring P has a slot cut in it where it is after- 
wards to be out across. A gun-metal piece A having a tongue B cast 
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Fig. 258. 


on it is carefully fitted on to the inside of the packing ring, the tongue 
B being fitted into the slot in the ring. After the ring is cut the 
piece A is fixed to it by several screws as shown. 

Fig. 255 shows a cast iron carrier ring M in which grooves for the 
packing rings are turned. As shown in Fig. 255 this ring is cast with 
the junk ring J but it may be a separate piece. The advantage of 
this arrangement is that the packing rings may be examined or 
renewed without removing the piston itself. 

It has been found that with high pressures the steam leaks behind 
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the packing rings and pressing them outwards a too rapid wear of the 
cylinder may be the result. It has therefore become a practice to 
place a limit to the expansion of the packing rings. One way of doing 
this is shown in Fig. 256. The solid distance ring G has a projecting 
part H lying between the packing rings D ; the part H has recesses 
on top and bottom which receive corresponding projections on the 
packing rings. The rings are shown fully expanded. The same 
illustration shows the rings with circumferential grooves which hinder 
the leakage of steam past the rings. These grooves also retain the 
lubricatiug oil, but they should stop before reaching the ends of the 
rings as shown in the upper part of Fig. 251. 

For large pistons there are many designs of packing in which there 
are two rings placed in the space between the junk ring and the 
piston flange, these rings being pressed outwards against the cylinder, 
and away from one another, one against the junk ring and the other 
against the piston flange, bv one or more springs placed inside the 
rings. Fig. 257 shows one well known type of this packing (Buckley’s). 
The spring is first made as a straight helical spring and then bent 
round and its ends united. The spring acting on the inclined surfaces 
of the rings I ) presses them outwards and one against the junk ring J 
and the other against the piston flange F. In a later design of the 
Buckley packing two springs are used in the manner shown in Fig. 258. 

To prevent leakage past the packing rings the pressure of the 
rings against the cylinder need not exceed 2 lb. per square inch of 
bearing surface. 

185. Stuffing-Boxes. — A $ln{fmgl>oj' is used where a sliding or 
rotating piece passes through the end or side of a vessel containing a 
fluid under pressure. The stuiling-box allows the sliding or rotating 
piece to move freely without allowing any leakage of the fluid, in the 
reciprocating steam engine the principal stu fling- boxes are where the 
piston rod passes through the end of the cylinder or cylinder cover and 
where the valve rod passes out of the valve chest. 

An ordinary stuffing-box for a vertical rod is shown in Fig. 259. 
A is the rod and B a portion of the cylinder end, or cylinder cover, or 
valve chest end. C is the stuffing-box into the bottom of which is 
fitted the gun-metal neck bush I). The space between the rod and the 
wall of the stuffing-box contains the packing E of which there are 
many varieties. Apart from metallic packing, to be described later, 
ordinary packing may be simply greased hempen lope, or asbestos, or 
a combination of canvas or asbestos and a rubber coie. Asbestos is 
more suitable for the higher temperatures than hemp. 

The packing is compressed by screwing dow n the gland F by means 
of the nuts and studs H. When the gland is made of cast iron it is 
lined witli a gun-metal hush K. Smaller glands are marie of gun- 
metal without a bush. When the stuffing-box is vertical with the 
gland on top the latter may have an oil cup L formed on it, as shown. 

A lubricating arrangement for an inverted gland is shown at (a) 
in Fig. 260. Oil is introduced into the annular recess M through the 
hole N. A shallow stutfing-box C) contains soft cotton packing which 
becomes saturated with oil and forms a pad to lubiicafce the rod and 
prevents the oil running to waste down the rod. 
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At (h) in Fig. 260 is shown a gland for a horizontal rod. The 
flange of this gland contains an oil box arid worsted si pi ion arrange- 
ment for delivering the oil slowly but* regularly on to the rod. 

A design of stuffing-box suitable for small rods is shown in 
Fig. 261. The gland F is moved into the stuffing-box by the nut T 
which works on a screw formed on the outside of the stufling-box. 
All the parts of this stuffing-box would be made of gun- metal. 

With high pressure, and consequently high temperature steam, 
ordinary soft packing for piston rod stuffing-boxes becomes chai red by 
the heat, and some form of metallic packing is desirable. The ordinary 
stufling-box in which the pressure of the; packing on the rod is adjusted 
by tightening or slackening the gland by hand is unsatisfactory. The 
great danger is that the packing will be too tight and a considerable 
amount of power is then lost in friction. 



In an ideal stufling-box the packing should be metallic and should 
bo pressed against the rod* by springs adjusted to give just sufficient 
pressure to prevent- leakage. The only duty of the packing should Iks 
to prevent leakage; it should not serve as a beaming to support the 
rod laterally. There should also be provision for a slight lateral and 
a slight angular movement of the axis of the rod to allow for that axis 
not coinciding with the axis of the cylinder, an error which may be 
due to slightly faulty construction or to wear. 

A well-known form of stuffing-box with metallic packing (Lan- 
caster’s) is shown in Fig. 262. The packing consists of two sets of 
blocks, each set consisting of four blocks, A, A, and B, B, the joints 
of the one set being at right angles to the joints of the other. The 
blocks A, A, are lined with white metal. The blockvS are pressed 
against the rod by encircling springs I), each spring being made as a 
straight helical spring in two lengths which are joined together by a 
hook and eye at E, and by screwing the coils of one in between the 
coils of the other at F. 13y means of the, connection at F the length 
of tho spring and therefore the force which it exerts on the blocks may 
bo adjusted. 

The joint between the two rings H and K is spherical, and this 
permits of a slight angular movement of the piston rod. The piston 
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rod may also move laterally, carrying with it the packing blocks and 
rings. The rings and packing blocks are pressed together in the 



Fig. ‘262. — Lancaster’s metallic packing. 


direction of the axis of the piston rod by a number of springs 0 as 
shown. The annular space L may be tilled loosely with soft cotton 
packing to retain the lubricating oil. 

The United States metallic packing 
differs from that just described in that the 
blocks A, A and B, P> are pressed directly 
against the rod by helical springs placed 
in recesses inside a casing which surrounds 
the blocks as shown in Fig. 203. 

Dr. Schmidt, the inventor of Schmidt’s 
superheater, has designed the stuff ng-box 
and packing shown in Fig. 264. ThiN 
stuffng-box is fitted with movable spheri- 
cally seated packing rings A. The sleeve B 
containing the white metal packing rings C 
is cored out as shown to permit the access of air to prevent undue 
rise of temperature of the white metal rings when superheated steam 
is used. 

The packing rings are held in position by the steam itself acting 
on the end of the bush D aided by the helical spring E. An oil box 
F containing loose soft packing is supplied with oil through the pipe 
H. Tt will be seen that the piston rod receives no lateral support from 
the stuffug-box or packing and this is, as has already been mentioned, 
as it should be. But in horizontal engines this involves the use of a 
tail rod to the piston unless the cylinder is allowed to give lateral 
support to the piston. The tail rod is supported either by a crosshead 
and guides outside the cylinder or by a sleeve attached to the cylinder 



Fig. 263. 
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Fig. 265. — Schmidt’s tail-rod guide 


cover as shown in Fig. 265. The 
gun-metal bush *J is lubricated with 
oil conveyed by the pipe K and 
distributed over the bearing sur- 
face by the helical groove shown. 

A stufling-l>ox used for piston 
rods and valve spindles of large* 
marine engines is shown in Fig. 
266. This is fitted with three 
pairs of Beldam’s metallic packing 
rings E. Each of these rings has 
an encircling spring and lies in a 
casing ring F. If, II are spring- 
loaded distance pieces. A pipe 
leading to the intermediate-pres- 
sure receiver is connected at K and 
another pipe leading to the low- 
pressure receiver is connected at L. 

The stufling-boxes used on the 
Allen high-speed engine illustrated 
on p. 237 are shown in Figs. 267 
and 268. The first is for the valve 



Fig. 266 . 
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rods and the second for the piston rods. The white metal rings are 
lettered W. The bottom packing ring S for the valve lod is ordinary 





Fig. 267. — Valve rod stuffing -box. Fig. 268. — Piston rod stuffing-box. 


packing. C is a cast iron ring. It will be seen that the piston rod 
packing permits of slight lateral and also slight angular movement of 
the rod. 

One of the piston rod 
oil-scraping glands for the 
same engine is shown in 
Fig. 269. This is maikcd 
14 in Fig. 223, p. 237. 

186. Crossheads and 
Guides. — The outer end of 
the piston rod has forged ou 
it or attached to it a cross- 
head to which is joined one 
end of the connecting rod, 
the other end of which 
embraces the crank pin. 

Owing to the obliquity of the connecting rod the forces acting along 
the piston rod and connecting rod require a third force to balance 
them and this third force is supplied by the guide upon which the 
crosshead slides. This is clearly shown by Figs. 270 and 271, where 
the forces acting on the crosshead are -P, the force acting aloug the 
piston rod ; Q, the force acting along the connecting rod ; and B, the 
reaction of the guide. The relative magnitudes of these forces are 
shown by the triangle of forces at the top in each illustration. The 
engine is supposed to be double-acting and horizontal in which case it 
will be seen that 11 is an upward force during both the forward and 
return strokes when the direction of rotation of the crank shaft is as 



Fig. 269. — Piston rod oil -scraping gland. 
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indicated. If the direction of rotation of the crank shaft be reversed 
then R becomes a downward force. 

Cross] leads vary greatly in form, but they may be roughly classified 
according to the number of slide or guide bars upon which they work. 
With one class four guide bars are used, with a second class there are 
two guide bars, and with a third class there is only one guide bar. In 
a fourth class the crosshead is attached to a piece called a slipper 



Fig. 270. 


Fig. 271. 


which is guided by an arrangement equivalent to three guide bars. 
Differences in the design of crossheads also arise from arrangements 
for taking up the wear of the slide blocks and guides. The form of 
the crosshead also depends on the form of the crosshead pin and the 
method of fixing it to the crosshead or to the connecting rod which 
also involves the form of the connecting rod end. 

Four-bar guides are now found chiefly on inside cylinder locomotives. 
In the example shown iri Fig. 272 the forked crosshead C is forged on 
the end of the piston rod P. The crosshead pin or gudgeon G projects 




Fig. 272. 


Fig. 273. 


through the prongs of the fork into cast iron or gun-metal slide blocks 
B which work each between a pair of wrought iron or steel guide bars 
D. The guide bars are bolted to lugs L cast on the side of the 
stuffing-box at one end and to a cross frame at the other. The end of 
the connecting rod comes in between the prongs of the fork of the 
crosshead. The crosshead pin is prevented from rotating by the 
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When the crosshead used with a four-bar guide is not forged on 
the end of the piston rod it is generally a steel casting of the form 
shown in Fig. 273 and is secured to the piston rod by a cotter T. For 
the design shown in Fig. 273 the slide blocks would be the same as in 
Fig. 272. Frequently the cast steel crosshead has the slide blocks cast 
in one piece with it. Cast steel slide blocks should be faced with gun- 
metal or white metal so that the cast steel does not rub on the 
guide bars. 

As an example of a crosshead for a slipper slide one of the cross- 
heads of the Allen high-speed engine illustrated on p. 237 may be taken 



and is shown in detail in Fig. 274. The piston rod P and the body B 
of the crosshead are of steel, forged in one piece. The two parts of the 
gun-metal bush G, which have a lining W of white metal, are held in 
the body B by means of the steel cap C and two bolts I). The slipper 
8, made of cast iron, is secured to the body of the crosshead by the 
screws E. The connection of the piston rod to the piston is shown at 
(a). From the illustration of the connecting rod of the same engine 
(Fig. 280, p. 261) it will be seen that the crosshoad pin is fixed in the 
fork of the connecting rod. The same illustration (Fig. 280) also 
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shows how tho lubricating oil reaches the pin under pressure. The oil 
is distributed between the pin and the bush G (Fig. 274) by means of 
the shallow recesses shown. A hole H through the top part of the 
bush G and through the body of the crosshead and through the slipper 
leads oil into a system of grooves on the sole of the slipper and 
lubricates the bearing surfaces 
of the slipper and guide. 

A cross section of the guide 
is shown in Kig 275. 

The slipper slide is not so 
suitablo for an engine which 
has to run for any considerable Fig. 275. 

time in the reverse direction 

on account of the smaller bearing surface of tho upper part of the 
slipper on the guide. 

An example of a crosshead for a two-bar guide, taken from 
American locomotive practice, is shown in Kig 270. C, the body of the 
crosshead, is a steel casting and is secured to the piston rod P by the 
cotter T. The gudgeon G is conical where it lits into the body of 
the crosslicad. The slide blocks or shoes B are also steel castings but 




Fig. 276. 


the surfaces in contact with the guide bars D are tinned to a depth 
of 1-1 6th of an inch. 

A typo of crosshead common in marine practice is shown in 
Kig. 277. 0, the body of the crosshead, and G, the gudgeon, are of 

steel forged in one piece. The end of the piston rod P is partly 
conical and passes through the body of the crosshead to which it is 
secured by tho nut N. Each guide block B is secured to the body of 
the crosshead by four bolts. The guides D are of cast iron and arc 
bolted to the upright framing which supports the cylinder. The guide 
block to the right is the one which takes tho pressure from the guide 
when the engine is running in the ahead direction and this is faced 
with white metal as shown. The other guide block is also frequently 
faced with white metal. The form of connecting rod end required for 
this type of crosshead is shown in Fig. 278. ^ 

In many stationary engines the guides have tneir bearing surfaces 
cylindrical, the axis of the cylindrical surface being the axis of the 
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piston rod. Such guides are bored and their ends are faced and 
recessed into the end of the engine cylindor in such a way that absolute 
alinement of the guides and piston rod is readily ensured. 



Fio. 279.— Crosshead for one-bar guide. (G.E.R.) 


An example of a crosshead for a one-bai guide is shown in 
Fig. 279. This represents the practice on the Great Eastern Bailway. 
C, the body of the crosshead is a steel casting which is secured to the 
piston rod P by the cotter T. The gudgeon G has conical bearings in 
the jaws J of the crosshead body and is secured by the nut N. The 
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liner L and the top part A are of east iron and are faced with white 
metal W where they rub on the guide bar. The liner L is secured to 
the body of the crosshead by several screws of which one is phown at 
R. Phosphor bronze strips 8 are dovetailed into the crosshead body 
and provide the rubbing surfaces on the sides of the guide bar. The 
lubricator H supplies oil to the gudgeon bearing through the pipe E. 
The lubricator Iv supplies oil to the top of tho guide bar through 
which there are holes at intervals to take the oil to the underside of 
the bar. The guide bar is made of wrought iron and is case hardened. 
One end of the guide bar is bolted to the cylinder while tho other end 
is bolted to a transverse frame or “ motion plate.” 

187. Connecting Rods. — The motion of the piston is transmitted 
through the piston rod to the crosshead and thence through the 



Fig. 280. Fia. 282. 


connecting rod to the crank pin. The connecting rod is generally a 
steel forging of circular, or rectangular, or X -section. A t the cross- 
head end the gudgeon or crosshead pin is either fixed to the crosshead 
or to the connecting rod. In the former case the bearing for the pin 
is in the connecting rod while in the latter it is in the crosshead. At 
the other end the bearing is always in the connecting rod, the crank 
pin being fixed to or forged with the crank. 



262 


HEAT ENGINES 


Various designs of connecting rods are shown in Figs. 280 to 285. 
In two of these (Figs. 280 and 283) the crosshead pin TT is fixed to the 
connecting rod ; in two of the others (Figs. 284 and 285) the crosshead 
pin would bo fixed to the crosshead. 

lief erring to Fig. 280, this represents one of the connecting rods of 
of the Allen high-speed engine illustrated on p. 237. This is known 
as the marine type of connecting rod from the fact that practically all 
marine engines have this form of connecting rod. This type is how- 
ever extensively used in all classes of reciprocating engines. The 
“brasses” A and B may be made of gun-metal but in the particular 
example shown in Fig 280 they are steel castings lined with white 
metal. When the brasses are made of gun-metal there is a separate 
steel cap between the bottom brass and the bolt heads as shown in 
Fig. 281. In the design shown in Fig. 282 the cap and the rod are 
forged together and after machining the cap is cut off. The design in 
Fig 282 is greatly superior to that in Fig. 281. 

As explained on p. 23G a system of forced lubrication is used in 
the engine of which the connecting rod shown in Fig 280 is a part. 
Oil under pressure reaches the crank pin bearing through a hole in the 
crank shaft from an adjacent main bearing. The oil is distributed 
over the crank pin by the shallow recesses C in the white metal 
lining. Oil from the crank pin bearing passes through the gun-metal 
plug D, which is screwed into the brass B, and thence up through the 
tube E to the crosshead pin H. 

The connecting rods shown in Figs. 283, 284, and 285 are from 
locomotive practice but are suitable for other types of horizontal 



engines ; they may also be used for vertical engines if the lubricating 
arrangements are altered. The design of the crank pin end of the rod 
in Fig. 283 is only suitable for an overhung crank as on an outside 
cylinder locomotive. It will be seen that the big end in Fig. 285 is a 
modified marine type. In the small end in Fig. 284 the bush is solid- 
and there is no adjustment for wear there, hut when necessary tho 
bush may he replaced by a new one. 
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Note that in Fig. 285 thore is adjustment for wear at both ends 
and, assuming that the wear is the same at both ends, the length of 
the rod between the centres of the bearings is not altered after 
adjusting for wear. 

The oil boxes X are machined out of the solid. In Figs. 284 and 
285 the oil boxes arc cylindrical inside, but in Fig. 283 the interior of 




the box is rectangular and the cover R is bevelled on the edges and 
secured by riveting over the inner top edges of the box as shown. 

Between the cotter and the inner brass of the big end in Fig. 284 
there is a steel pad S to give a stronger bearing for the cotter. 

188. Locomotive Coupling Rods. — One or more pairs of wheels on a 
locomotive may be coupled to the wheels on the driving axle in order 
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to increase the adhesion of the engine on the rails. The coupling rods 
used for this purpose are steel forgings and are either of -rectangular 
or of I -cross section, generally the latter, and the cross section is the 
same throughout the whole length. The ends are now generally of 
the solid type and lined with solid gun-metal bushes without any 
adjustmeut for wear as shown in Fig 286. 

When more than two pairs of wheels are coupled together the 
adjacent coupling rods are either joined on the same pin as shown in 
Fig. 287, or on an extra pin as shown in Fig. 288. 
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Fig. 286. 


Fig. 287. 


Fig. 288. 


The cranks for the coupling rods on one side of an engine are at 
right angles to those on the other side. 

189. Cranks and Crank Shafts. — A crank on the end of a shaft is 
called an overhung crank. An example of an overhung crank is shown 
in Fig. 289. The crank arm 0 and crank pin P are wrought iron or 
steel forgings. The crank pin is enlarged at 1) where it is enclosed in 
the crank arm, and the diameter of that part is about 1 -500th part of 
the diameter larger than that of the hole in the crank which receives 



it. The crank is either heated and shrunk on to the pin or the pin is 
forced in by an hydraulic press. This is all that is necessary to secure 
the pin to the crank. The crank is secured to the shalt 8 in the same 
way, but it is usual to fit a key K in addition. Tho key shown is 
rectangular in cross section but round keys are also used. 

A crank dine such as is shown in Fig. 290 sometimes takes the place 
of an ordinary forged crank. The disc is made of cast iron and is 




RECIPROCATING STEAM ENGINE DETAILS 265 


recessed on the back except at B. The extra metal at B acts as a 
balance weight for the crank pin and a portion of the connecting rod. 
The pin and shaft are secured to the disc as already described for the 
forged crank. 

The distance between the axes of the pin and shaft is called the 
radius of the cranlc , and when the axis of the piston rod produced 
iutersects the axis of the shaft, which it does in most engines, the 
radius of the crank is half the stroke of the piston. 

When the crank shaft has bearings on both sides of the crank the 



latter must have two arms with the crank pin between them. If the 
arms, pin, and shaft are in one forging, Ihe shaft may be called a 
cranked shaft. A common form of cranked shaft is shown in Fig. 291. 
The arms or webs C are rectangular in cross section. 

For the same strength a lighter cranked shaft is obtained by 
making the shaft and pin hollow as shown in Fig. 292, which represents 
the practice on warships having reciprocating engines. 

When a crank shaft is not in one piece the different lengths are 
connected by couplings of the type shown in Fig. 293. The flanges F 
are forged on the ends of the parts of the shaft and are bolted together. 
The bolts may be parallel with round heads as shown at L in Fig. 293, 
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Fig. 294. — Locomotive cranked axle. 


or they nmy be tapered and without heads as shown at N, or they may 
be tapered and have round heads as well. 

Fig. 294 shows a cranked axle for a locomotive having inside 
cylinders. In locomotives with outside cylinders the cranks are over- 
hung and are formed in the driving wheels. 

Cranked shafts are steel forgings and when these assume large 
dimensions it is considered safer to make the shaft, crank arms, and 
crank pin separate forgings, which, after being machined, are put 
together to form a built-up crank shaft. 

Fig. 295 shows a common form of built-up crank shaft. The arms 
are secured to the pin and shaft by shrinking or forcing as already 
dasoribed, Rectangular keys, or more commonly round pins are 
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driven into key ways partly in the shaft and partly in the crank arms 
as shown. 

The built-up crank shaft is much heavier than a forged pranked 
shaft of the same strength. A crank shaft intermediate in weight to 
the built-up crank shaft and the forged cranked shaft is obtained by 
forging the crank pin and crank arms in one piece and fixing this to 
the shaft by shrinking on and keying as shown in Fig. 296. 



Fig. 295. Fig. 29C. 


190. Eccentrics. — The eccentric is a modification of the crank, the 
difference being that in the eccentric the part corresponding to the 
crank pin is so large in diameter that it embraces the shaft. The 
evolution of the eccentric from the crank is shown in Figs. 297, 298, 
and 299. The crank in Fig. 297 has a pin P of the same diameter as 
the shaft S. In Fig. 298 the crank pin is larger in diameter than the 
shaft. Enlarging the crank pin until it embraces tho shaft produces 
the eccentric, one form of which is shown in Fig. 299. 



Fra. 297. 



Fjc. 29S. 


Fig. 299. 



Kinematically the eccentric is identical with the crank and in 
studying the reciprocating motion given to a piece by means of an 
eccentric the eccentric is treated exactly as a crank having a radius 
equal to the distance from the axis of the eccentric disc or pulley or 
sheave to the axis of the shaft. 

The eccentric is used for converting the rotary motion of a shaft 
into the reciprocating motion of a piece such as a slide valve. For 
this purpose the eccentric has an advantage over a crank in that no 
break or gap is needed in the shaft such as is necessary when a shaft 
is cranked at an intermediate point of its length. 

Fig. 300 shows oue of the eccentrics of the Allen high-speed engine 
illustrated on p. 237. The eccentric sheave is in two parts, A and 11, to 
permit of it being put on the crank shaft between the cranks. The 
part A is made of cast iron and the part B is a steel forging. The 
two parts are fastened together by two bolts as shown. The eccentric 
strap C is in two parts bolted together. Both parts of the strap are 
steel castings. The strap is lined with white metal shown solid black 
in the sections. The lower end of the eccentric rod D is secured to 
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the upper part of the eccentric strap by two stud bolts. The upper 
end of D is forked to take the pin E which passes through the lower 
end of the valve rod F. 

As explained on p. 236 a system of forced lubrication is used in the 
engine of which this eccentric is a part. Oil under pressure reaches 
the eccentric through a hole in the crank shaft from an adjacent main 
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‘ Fig. 300.— Eccentric, eccentric rod, etc., of Allen engine. 


bearing. The oil enters the sheave at H and, passing between the 
bearing surfaces of the sheave and strap, goes through the hole J in the 
strap and up through the tube K to the pin E. The valve rod 
guide is lubricated by oil from the pin E through the hole M in 
the valve rod F to the groove N. The upper part of the oil gland L 
is so constructed as to wipe the oil of! the valve rod and pi event it 
going up outside the trunk and crank chamber, also water from above 
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is wiped off and prevented from coming downwards into the trunk and 
crank chamber. 

Fig. 301 shows an eccentric from locomotive practice. In this 
example the sheave and strap are made of cast iron and no white 
metal lining is necessary. There being no forced lubrication, an oil 
box for ordinary lubrication is provided. 



Fig. 301.— Locomotive eccentric. 


191. Throttle Valves.— Steam is said to be throttled when the pipe 
or passage through which it is passing is contracted, and a valve used 
for this purpose is called a throttle valve. An ordinary stop valve may 
be used to throttle the steam on its way from the boiler to the engine 
by reducing the opening of the valve by hand. The throttle valve on 
an engine is however a special valve, placed as near to the engine as 
possible, and is operated by the governor. 



Fig. 302. — Throttle valve. 


The principal effect of throttling is a reduction of the pressure of 
the steam and therefore a reduction of the amount of work obtainable 
from the same volume of it. Throttling has also a drying or super- 
heating effect on the steam. 

A throttle valve operated by a governor must be of the balanced 
type and should require a very small effort to move it in any position. 

An early form of throttle valve is shown in Fig. 302. This 
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consists of an elliptical plate placed in the steam pipe and mounted on a 
spindle which passes through a stuffing-l>ox on the side of the pipe as 
shown. Although the valve is elliptical its edge is cylindrical and fits 
the pipe when in the closed position. The valve is operated by the 
governor through rods and levers connecting the sleeve of the governor 
and the valve spindle. When this type of valve is open its obliquity 
to the current of steam causes the resultant pressure on it to be 



Fig. 303. — Throttle valve of Allen high-speed engine. 


eccentric to the valve, being nearer to the edge which is up stream. 
This valve is therefore not quite balanced and the current of steam 
tends to close it. 

Modern throttle valves are generally either of the piston type or of 
the double beat type. The throttle valve of the Allen high-speed 
engine illustrated on p. 237 is shown in detail in Fig. 303. Tho 
vaive V is of the piston type. Steam from the boiler enters the 
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throttle valve chest at A and passes over to the top and to the 
bottom of the valve. When the valve is open the steam passes 
through the arch-shaped openings in the valve at top and bottom 
to the branch B and thence to the valve chest of the high-pressure 
cylinder. The valve is operated by the governor through tho lever 
C, spindle D, and lever E. The spindle D has a long bearing in the 
sleeve F in which it is a good fit and no packing is required to keep 
it steam tight, A thermometer pocket is screwed in at H when super- 
heated steam is used, otherwise a screwed plug is inserted. The 
screwed hole J is for a pressure gauge union. 

Valves of the double beat type are liable to two defects. One is 
that the valve and its two seats, being separate castings, are liable 
to expand unequally when heated by tho steam, with the result that 
although the valve may fit both seats properly when cold it may not 
do so when hot. When properly designed, however, and all the parts 
are made of the same material, this defect may be obviated. The 
other defect is that the valve is not quite 
balanced on account of the fact that one 
part of the valve has to pass through or 
over the seat of the other to get into 
position and one seat is therefore larger 
in diameter than the other. This defect 
is minimized by having the minimum 
amount of bearing surface on the seats. 

A good design of double heat throttle 
valve is shown in Fig. 304. It will be seen 
that the effective diameters of the upper 
and lower seats are practically identical 
and the valve is therefore balanced. 

In a properly designed throttle valve, to 
be operated by a governor, the area of 
opening through the valve should diminish 
more rapidly as the closed position is ap- Fjg. 304. 

proached. There are two reasons for this. 

In the first place the sensitiveness of the governor diminishes as its 
speed increases, that is to say, a greater change of speed is required to 
produce the same motion of the sloove 



(see Fig. 385, p. 322). In the second 
place, as the opening of the throttle 
valve diminishes, the difference between 
the pressures on the two sides of the 
valve increases and therefore the 
velocity of the steam through the valve 
also increases. 

In Fig. 305 the area of opening of 
the valve, as a percentage of its full 
area of opening, and the lift or opening, 



as a percentage of its full lift or full L,FT 0R opening 


opening, are plotted for three types of Fjg. 300. 

throttle valve. The straight line A 


applies to valves in which the area of opening is directly proportional 
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to the lift. This is the case with the double beat valve shown in 
Fig. 3()4 and also with piston valves in which the cutting off edges 
of the valve are parallel to the corresponding edges of the ports over 
which tho valves travel. The curve B applies to the older form of 
throttle valve shown in Fig. 302. The curve C applies to the Allen 
throttle valve shown in Fig. 303. The very gradual closing in the 
case of the Allen valve is due to the shape of the openings in the 
pistons which it will be seen finish in small inverted Y-notches. 

192. Locomotive Throttle Vahre or Regulator —The valve which 
controls the steam supply from the locomotive boiler to the steam pipe 
which leads to the cylinder valve chests corresponds to the stop valve 
in other steam engines. In America this valve is called the throttle 
valve , but in British practice it is known as the regulator valve or simply 



Fig. 306. Fig. 307. 


as the regulator . There are two main types of regulator in use, the 
slide valve type and the double beat type. 

An example of the slide valve type of regulator is shown in Fig. 306. 
V is a slide valve which travels over three rectangular ports in the 
face of the chest or body B on the top of a vertical pipe in the steam 
dome. On the back of the valve V there, i3 a supplementary slide 
valve C having one small port D. A pin E in the end of the link F 
passes through a slotted hole in the main valve V and through 
a fitting hole in the supplementary valve C. When the link F 
is raised the valve C moves, but the valve V remains at rest until the 
port D in tho supplementary valve comes opposite to the port H in 
the main valve, when the two valves move together. The area of the 
supplementary valve being small this valve is easily opened, and once 
open, the steam reaches both sides of the main valve, which is then 
nearly balanced and a comparatively small force will then be sufficient 
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to open it. The valves are kept on their seats by a flat spring plate J. 
The valve is operated from the cab through the shaft K, crank L, and 
link F. 

An example of the double beat type of regulator 
is shown in Fig. 307. The valve V has two seats 
the upper of which is larger than the lower, for an 
obvious reason, and in consequence the valve is not 
quite balanced. The valve is operated in the same 
way as already described for the slide valve type of 
regulator. 

193. Relief Valves. — The ends of steam cylinders 
are generally provided with relief or escape valves 
which are spring loaded. The main purpose of these 
valves is to prevent excessive pressure at the end of 
the piston stroke due to the presence of water formed 
by the condensation of steam. A common form of Fig. 308. 
relief valve is shown in Fig. 308. 




CHAPTER XIV 


HYPOTHETICAL INDICATOR DIAGRAM PROBLEMS 

194. Hypothetical Indicator Diagram. — Fig. 309 is a diagram 
which shows the variation of the steam pressure on one side of the 
piston of a steam engine during two consecutive strokes.. KL repre- 
sents tlio stroke of the piston and also the volume swept through by the 
piston in one stroke. Tho distance OK represents the clearance volume, 
that, is, the volume of the space between the admission valve and the 
piston when the left hand face of the piston is at K, the beginning of 
the forward stroke. 

Consider only what takos place on the left hand side of the 
piston. At the beginning of the forward stroke the steam pressure on 
the piston is represented by KA. 

The horizontal line AB indicates y| 
that the pressure on the piston is 
constant while the piston moves 
from K to H. When the piston 
is at II the admission of steam to 
the cylinder is suspended and the 
volume of steam in the cylinder 
to the left of the piston is repre- 
sented by OH. As the piston 
moves forward from H the steam 
expands, its volume increasing 
from OH at the point of cut-off 

to OL at the end of the forward stroke, and its pressure falls from 
HB to LC. 1 At L the exhaust valve opens and the steam begins 
to escape, say, into the atmosphere, and its pressure at once falls from 
LC to LI). The piston now begins its return stroke and until it 
reaches the point N the steam pressure remains constant as shown by 
the horizontal line DE. When the piston is at N the exhaust valve 
closes and the steam remaining in the cylinder is compressed while the 
piston completes its return stroke, the volume of the steam being 
reduced to OK, the clearance volume, and its pressure raised from NE 
to KF. The piston having now completed its return stroke the admis- 
sion valve opens and the steam pressure in the cylinder at once rises to 
KA and the next forward stroke begins. 

The curves BC and EF, whose co-ordinates show the relation 
between the pressure and volume of the steam while it expands or ia 
compressed, are assumed to be rectangular hyperbolas of which OX and 
OY are the rectangular axes ; hence, pv = constant. 
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The area KABCL represents the work done by the steam on the 
left hand face of the piston during the forward stroke, and the area 
LDEFK represents the work done against the steam on the same side 
of tho piston during the return stroke. The effective work done on the 
left hand side of the piston during the two strokes considered is 
therefore represented by the shaded area F ABODE. 

Assuming that the diagram of work done on the right hand side of 
the piston is the same as that shown in Fig. 309, except that it will be 
turned over from left to right, the total effective work done on the 
piston during one revolution of the crank shaft will be represented by 
twice the shaded area, or the shaded area will represent the total 
effective work done on the piston during one stroke. 

195. Mean Effective Pressure on Piston. — Taking the hypothetical 
diagram of work described in the preceding Art., a formula will now be 
obtained for finding the mean height of the diagram in terms of the 
quantities p Xf r, c, p 0 , and x 
marked on the diagram in Fig. 

310. I denotes the length of 
the stroke of the piston or tho 
volume swept through by the 
piston in one stroke ; c is 
the fraction which tho clear- 
ance volume is of the volume 
swept through by the piston in 
one stroke ; r is the fraction 
which the distance travelled 
by the piston during admission Fig. 310. 

is of the stroke ; x is the frac- 
tion which the distance travelled by the piston during compression 
is of the stroke ; p x is tho absolute initial pressure of the steam, 
and p 0 is the absolute back pressure during exhaust. 

In what follows the formula proved in Atv. 36, p. 35, is used for 
the areas of the figures BCLH and EFKN under the hyperbolas BG 
and EF. 

Let p m denote the mean height of the shaded area ABCDEF in 
units of pressure. 

Area ABCDEF 

area ABI1K + area BCLH — area T.)ENL — area EFKN 
AK-KH + BH • OH log^Jj - DL • LN - EN • ON log,— 

1 ^ C X j C f' 

pj = Pl rl + Pl( rl + cl ) lo & - Po( l - *0 - Po( xl + cl ) lo S« — — V 

/ "T* C t' 

Dividing both sides by l 

Pm ~ Pl r + Pl( r + c ) lo g« 1. t ! ~ PoO *" *) “ PoO® + c ) lo 8e 

r T L 0 f 

w p m - + (r + c) log. * j - ]> 0 j 1 -* + (* + c ) lo g« ~ \ 
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If there is no compression, x = 0 , then 

i>.» = Pi\ r +(*■ + <•) log, - 1>0 

If there is no compression and no clearance, x = 0, and c = 0, then 



The logarithms used in tho above formula; are Napierian or hyper- 
bolic logarithms. The Napierian logarithm is obtained by multiplying 
the common logarithm by 2 <1026. 

If the diagrams for the two ends of the cylinder are alike and the 
faces of the piston have tho samo area then p m is the mean effective 
pressure on the piston during one stroke. 

196. Indicated Horse-Power. — Assuming that the faces of the 
piston have the same area and that tho diagrams of work on the two 
faces are alike, then if p m is in pounds per square inch, the indicated 

horse-power is given by the formula II = w X where 

33,000 

d = diameter of cylinder in inches, l = stroke of piston in feet, and 
N =s revolutions of crank shaft per minute. ' 

The above is for a single cylinder engine. Where an engine has 
more than one cylinder the horso-power of the engine is the sum of 
the horse-powers of the several cylinders. • 

197. Steam Consumption Calculated from Indicator Diagram. — 
Referring to tho diagram Fig. 31 L, v , the volume swept through by the 
piston in one stroke, is represented by the length of the diagram. 

v = — cubic feet, whore d is the diameter of the cylinder in 


inches, and Z is the stroke of the 
piston in feot. 

At the point of cut-off B the 
volume of steam in the cylinder to 
the left of the piston is (r -f- e)v 
cubic feet* and the weight of this 
steam is (r + c)vw l9 where io 1 is the 
weight of one cubic foot of steam 
at pressure p v While the piston 
travels from the point of cut-off to 
the end of the forward stroke and 
back again as far as the point E, 
at which compression begins, no 
more steam enters the cylinder to the left of the piston, and at E- 
the weight of steam remaining in the cylinder to the left of the 
piston is (i x + c)vw Qi where tc 0 is the weight of one cubic foot of steam 
at pressure p 0 . The weight of exhaust steam which has left the 
cylinder to the left of the piston is evidently (r + c)^ — (a 4- c)vw 0 
and this is the amount of steam used in tho cylinder to tike left of the 
piston, during one revolution of the crank shaft. If the diagrams for 
opposite sides of the piston are alike then the total weight of steam used 
per revolution is twice the above, amount or 2 v{(r + — (a? + c)w 0 }> 
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The steam consumption determined as above is called the indicated 
steam and this is generally considerably less than the actual weight of 
steam used because no account has been taken of the steam condensed 
in the cylinder. 

19a Effect of Clearance, Expansion, and Compression on 
Economy. — The student will find it instructive to study the results of 
the following calculations on the performance of a steam engine working 
under hypothetical conditions. The object of the calculations is to 
show the effect of clearance, expansion, and compression on the 
economy of an engine. 

The engine has a single cylinder and is double acting. Diameter 
of cylinder, 10 inches. Stroke of piston, 18 inches. Revolutions per 
minute, 120. Initial pressure of steam, 801b. per sq. inch absolute. 
Rack pressure, 16 lb. per sq. inch absolute. The expansion and com- 
pression curves of the indicator diagram will bo assumed to be hyper- 
bolic. The steam admission will be assumed to begin at the beginning 
of the stroke and the release at the end of the stroke. The steam 
consumption to he calculated will be the indicated steam. 

In the formula for the horse-power the only variable will be the 
mean effective pressure, hence, 

0*7854 x 10 2 j) m x 1'5 X 2 x 120 
liorso-power = II = 33,000 = °' 85 '-P'« 

The formula for is, . 

+ (r 4- <•) log, * * j - 16 {l - * + (* + 0 log, C -j 

The volume swept through by the piston in one stroke is, 

0-78r>4 x 102 x 15 .. , . 

v = — , . , = O’olo cubic foot. 

144 



Case la. 



[■111 

mu 

1 



wes. 




CaseMa. 





Case Kb. 



CaseY. 


Taking the density of steam at 80 lb. pressure as 0‘ 183 lb. per cubic 
foot, and the density of steam at 16 lb. pressure as 0'040 lb. per cubic 
foot, the expression for the steam used per revolution is 
2 x 0-818j 0-183(r + c) - 0-04(x + e ) } 
and the steam used per hour in pounds is, 

W = 120 x 60 x 2 x 0-818{0-183(r + c) - 004(* + c)} - 
= 11, 779(0-183r + 0143c - 0-04a;). 
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The hypothetical indicator diagrams of the various cases to be 
considered are shown in Pig. 312, and the particulars as regards 
clearance, expansion, and compression, and the results of the calculations 
are given in the table below. 

W/H is the weight of steam used in pounds per horse-power per 
hour. 


Cnse. 

0 

r 

X 

Pm 

11 



W 

W/II 

la 

0*0 

10 

0-0 

64*0 

54*8 

2150 

39*3 

16 

0*1 

1-0 

0-0 

64-0 

54*8 

2324 

42*4 

IT a 

o-o 

0*5 

o-o 

51*7 

! 44*3 

107M 

24-3 

1J6 

0-1 

0*5 

0-0 

53*1 

45*5 

1240 

27*4 

Ilia 

o-o 

0-25 

00 

31*7 

27*2 , 

539 

19*8 

1116 

0*J 

0-25 

0*0 

36*1 

, 30*9 | 

707 

22-9 

IV 

0-1 

0-25 

0*15 

34*8 

29-8 ! 

037 

21*4 

V 

0-1 

0-25 

*0-40 

29*6 

25*4 : 

519 

20*4 


The relative economy of the engine in the different cases, so far as 
steam consumption is concerned, is shown by the number* in the last 
column of the table, W / H being the weight of steam required to give 
one horse-power for one hour. * 

An examination of the table shows that one effect of clearance is 
to increase W /H and on this account clearance is objectionable. It 
will be observed however that the addition of clearance increases the 
power of the engine, which is an advantage, but the increase in power 
so obtained is accompanied by a steam consumption much greater in 
proportion-. Por example, comparing cases Ilia and III Z>, the addition 
of clearance has here the effect of increasing the power by 3*7 horse- 
power, but the additional steam used amounts to 168 lb. per hour or 
45*4: lb. per hour for each horse-power added due to clearance. 

The effect of expansion on economy is very marked but it must be 
observed that the increase in economy is accompanied by a decided 
diminution in the power of the engine, so that with an increase of 
expansion a larger engine would be required to develop the same power, 
the other conditions remaining the same. For example, comparing 
cases II/> and JII 6, the engine considered, which has a cylinder 
10 inches diameter and a piston stroke of 18 inches, develops 
45*5 horse-power in case TJ6. To develop this power under the con- 
ditions of case TLIb would require a cylinder 11*5 inches in diameter 
with a piston stroke of 20 inches. 

The effect of compression is clearly to neutralize partly the bad 
effect of clearance on the economy. But this advantage of compression 
is accompanied by a diminution in power necessitating a larger^engine 
to develop the same power. 

199. Relation between Steam Consumption and Power — Willans 
Line. — Using the notation and formulas of the preceding Arts., the 
steam consumption per hour is, 

W = 2N x 60u{(r + cju^ — (x + c ) to } 
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Now, over a considerable range of pressure the relation between 
the density of the steam and the pressure is very approximately a linear 
one and may be written, w = ap + b, where a and b are constants. For 
example, over tho range of pressure between 10 lb. per square inch and 
120 lb. per square inch the weight of a cubic foot of steam, in pounds, 
is given very approximately by the formula, vr = 0*0022p + 0*006. 
Hence, W = 120Ne{(r + c)(ap 1 + b) — (a; + f)(op 0 + &)!• 

Consider the case of an engine which is governed by varying the 
initial pressure p The quantities v, r, r, x, and ji 0 are constant and if 
the speed N is also assumed to be constant, the formula for W reduces 
to W = — h 2 where fiq and /c 2 are constants. 

Taking the engine whoso performance was studied in Art. 198, 
v = 0*818, N = 120, = 16, and c = 0*1, Now take r = 0*5, and 
x = 0*15, and use the formula given above for the density of the steam, 
namely, w = 0*0022p + 0*000. Then W = 15*55^ — 78*9. 

The formula for the mean effective pressure is, 

Pm = Pl{ r + C r + c ) ~ + - ^ 0 |l - * + (■>: + e) log/'-* '] 


If r, f\ w, and p {) are constant, then the formula for p ni reduces to 
p m = k 3 p 1 — * 4f where Z: 3 and Z* 4 are constants. For example, if 
r = 0*5, c = 0*1, x = 0*15, and j)o = 16, then = 0*864p t — 17*5. 

For a given engine running at a given speed the horse-power IT is 
given by H = fcjp w = k 5 /.^q — & 5 /i 4 = Jc c p l — 1c 7 , where k ti and k 7 are 
constants. 


From the equation W = Zqyq — Z 2 , 


= W + /. 2 

“ m t 1 " 


and from the equation IT = k c p i — Z 7 , p t 


H + k 7 
^*6 


Hence ? fh 
/l T 


= H + ~ 


which is of the form W = mH + k, wliere m and 1c are constants. The 
relation between W and H is therefore a linear one. 

Still considering the engine whose performance was studied in 
Art. 198, and taking r = 0*5 and x = 0*15, it was shown that 
H = 0’857p in , and it has been shown above that p m = 0*864;q — 17*5, 

therefore H == 0*74 p t — 14*8, and Pi= • Also from 


w lrr - .on W + 78-9 IT W + 78*9 _ H + 14*8 
W-looyjjj < 8 . ),?!-- 15.55--- 1Icuce 15 . 55 0-74 » 


which reduces to W = 21 H + 252. * 

The graph of W = 21 II + 232 is shown in Fig. 313. 

Altering r to 0*25, and keeping the other data the same the student 
should show that W = 16*311 + 144. Tho graph of this is also shown 
in Fig. 313. 

The straight lines whose ordinates and abscissa? give the relation 
between the steam consumption per hour and the horse-power when the 
speed and cut-off are constant are called Wiliam Lines , after the late 
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Mr. P. W. Willans who made numerous tests of steam engines. Mr. 
Willans found that in actual engines running at constant speed with 
constant cut-off the relation between the steam consumption per hour 
and the horse-power (whether indicated horse-power or brake horse- 
power) was approximately a linear one, the power being varied by 
varying the initial pressure. 

The Willans lines which have been obtained in this Art. aro 
theoretical Willans lines. Examples of actual Willans lines will be 
found on p. 391. 

Dividing both sides of the equation W = 21H + 232 by H, then 
W 232 

^ = 21 -f ^ p gives the relation betwoen the steam consumption per 

horse-power per hour (W/H) and the horse-power (It) for the case 
where r = 0*5. The graph of this is a curve A shown in Pig. 313. 

W 144 

Fu like manner for the case where r = 0*25, - - = 16*3 + - |r . The 

graph of this is the curve I> 
shown in Fig. 313. 

Since the horse power 11 
at a given speed is propor- 
tional to the mean effective 
pressure the relation be- 
tween W and p nl will also 
be a linear one when the 
speed and cut olf are con- 
stant. Again, weight of fuel 
required to produce a given 
weight of steam W may l>o 
assumed to be proportional 
to W. Hence the relation 
between fuel consumpt ion 
per hour and horse-power is 
a linear one when the speed 
and cut-off are constant. 

If the initial pressure be 
kept constant and the power be varied by altering the cut-off, the 
relation betweon the steam consumption per hour and the horse- 
power is no longer a linear one as will be seen from the following 
example. 

Taking the engine already considered in which v, the volume swept 
through by the piston in one stroke, is 0*818 cubic foot. Lot N = 120, 
c = O’ l, x = 0*D), p 0 = 16, and p x = 100. 11 and W are to be cal- 

culated for the following values of /*, namely, 0*7, 0*6, 0*5, 0*4, 0*3, 0*2, 
and 0*1. 

The formulae required are 

Pm = i'lf r + ( r + C > “ Po{ 1 -* + (* + «) l0g e — 

= 100{r + (r + 0-l)log, r l'l I }- 
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Tf = 0-857 Pm 

W = 2N X 60t>{(r + c)7p l — (x + <i)w 0 \ 

= 2 X 120 X GO x 0*81 8 {(r + 0-1) x 0*226 - 0*25 x 0*04} 
= 2662?-+ 148-4. 



0 7 

0*6 

0 5 

0*4 

0 3 

0-2 

0 1 

Pm 

j 78-2 

71*3 

69-1 



62-1 

53-2 

41-7 l 

i 26-8 

II 

67*0 

63-7 

59*2 

53*2 

45-6 | 

| 35-7 

23-0 

w 

2012 

1746 

1479 

1 1213 

947 1 

1 (MSI 

415 


The results are tabulated above 
and they have been plotted and 
joined by a fair curve in Fig. 314. 


Exercises XIV 


1. In an indicator diagram of the 
type shown in Fig. 310, p. 274, r = 0*35, 
c = 0*08, x = 0-25, p x =r 75 lb. per square 
inch, and p 0 — 16 lb. per square inch. 

Using the formula of Art. 195, calculate 
p m the moan effective pressuro in lb. per 
square inch. 

Draw the diagram to the pressure 
scale of 1 inch to 20 lb. per square inch 
on a stroke base 5 inches long. Divide 
the diagram into 30 vertical strips of 
oqual width, aud at the middle of the width of each strip erect an ordinate. 
Find the mean pressure by taking the mean of those JO mid ordinates. 

If the diameter of the cylinder is 8 inches, stroke of piston 1C inches, aud 
revolutions per minute LOO, calculato the liorse-power of the engine, using the 
mean pressure calculated by the formula. 

Taking the densities of tho steam of 75 and 16 lb. per square inch pressure 
as 0*172 and 0-04 lb. per cubic foot respectively, calculate tho indicated steam 
in pounds per horso-powor per hour. 

2. In a steam engine cylinder tho clearance volume is 5 per cont. of the 
volume swept through by tho piston in one stroke, and the back pressure is 17 lb. 
per square inch. If compression begins at 0*3 of tho stroke from the end of tho 
oxhaust stroke, find the pressuro at tfee end of the compression. Also find where 
compression should begin in order that tho pressure at the end of the compression 
may be 85 lb. per square inch. Assume hyperbolic compression. 

3. The cylinder of a steam engine is 12 inches in diameter and the piston 
stroke is 22 inches. The mfeau effective steam pressuro on the piston is 50 lb. 
per square inch, and the crank shaft makes 110 revolutions per minute. Deter- 
mine the diameter of the cylinder of another ongino, which, with a crank shaft 
speed of 100 revolutions per minute and a mean effective pressure of 40 lb. per 
square inch, will develop the same powor. Assume the stroke of the piston of 
the second engine to be 1-8 times the diameter of the cylinder. 

4. The cylinder of a steam engine is 12 inches in diameter and the stroke of 
the piston is 22 inches. The initial pressure of the steam is 85 lb. per square 
inch absolute and the back pressure is 17 lb. per square inch absolute. The 
pressure at the end of the compression is equal to the initial pressure. The 
steam is cut off at 0-3 of the stroke. Tho clearance is 7 per cent, of tho volume 
swept through by the piston in one stroke. The crank shaft speed is 130 revolu- 
tions per minute. Calculate the horse-power, the weight of indicated steam per 
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hour, and the steam per horse-power hour. Assume hyporbolic expansion and 
compression, and take tho density of steam at 85 lb. pressure as 0194 lb. por 
cubic foot. 

5. In a steam engine tho diameter of the cylinder is 8 inches and the stroke 
of the piston is 16 inches. Tho steam is cut off at 0*4 of tho stroke, the back 
pressure is 16 lb. per square inch, and the spood of the crank shaft is 100 revolu- 
tions per minute. Neglecting clearance and compression, compute the horso- 
power H and the indicated steam per hour W for the following initial pressures 
pi lb. per square inch, namely, 120,, 80, and 40, taking the densities of the Rteam 
in lb. per cubic foot at theso pressures as 0*208, 0183, and O’OOr) respectively. 
Show by plotting that tho relation between W and H is very approximately of 
tho form W = mil + fc, and find the best values of m and k. 

6. Same as tho preceding exercise, except that there is a clearance of 8 per 
cent, and compression up to 40 lb. per square inch in each case. 



CHAPTER XV 

INDICATORS AND INDICATOR DIAGRAMS 

, V- ’ 

200. Indicators. — The term indicator as used in connection with 
heat engines, fluid pressure machines, and pumps, has a special and 
well recognized meaning and is the name given to the instrument 
vdiich produces a graphic record of the pressure of the fluid in a 
cylinder for evory position of the piston, bucket, or plunger as it 
reciprocates. 

The indicator was invented by Watt and as used by him it consisted 
of a small cylinder fitted with a piston the under side of which was 
placed in communication with the cylinder to be “indicated.” The 
u ppm* side of the indicator piston was in communication with the 
atmosphere. A helical spring on top of the piston had one end 
attached to the piston and the other to the cover of the indicator 
cylinder through which passed the piston rod which carried a pencil at 
its upper end. As so far described the instrument was a pressure 
gauge and the position of the pencil, at any instant, in relation to its 
zero position, was a measure of the pressure in the engine cylinder at 
that instant. The remainder of the instrument consisted of a board 
which reciprocated in a frame, its motion being that of the engine 
piston on a reduced scale. This reciprocating* board had a sheet of 
paper attached to it and the pencil on the indicator piston rod traced 
out on the reciprocating paper the indicator diagram. 

Apart from small details of construction ordinary modern indicators 
differ from the Watt indicator in two main particulars. 

In the iifc^t place the pencil is not now attached directly to the 
piston rod buCslo some point in a mechanism of levers which enables 
the stroke of the piston to be very considerably reduced while still 
obtaining a convenient height of diagram. This alteration in the 
design of the WatV indicator became necessary as engine speeds 
increased. The object of reducing the stroke of the piston is to 
reduce the inertia elfects, which become serious at high speeds, and 
the diagram is thon no longer an accurate pressure record. 

The design of the mechanism, for making the travel of the pencil 
greater than that of the piston is one of the principal features which 
distinguish one modern indicator from another. 

The second important change in the design of the Watt indicator 
was the substitution of a drum for carrying the paper in place of the 
reciprocating board. This drum has an angular reciprocating motion 
corresponding to that of the engine piston. This alteration made a 
more convenient and compact arrangement. 
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201. Pencil Mechanisms of Modern Indicators. — The principal 
designs of the mechanism connecting the piston and pencil of modern 
indicators are shown in Figs. 31 o to 320 . In each case Pis the position 
of the pencil and the whole pencil mechanism is carried by a piece A 
which is mounted on the top of the indicator cylinder and is free to 
swivel about the axis of that cylinder. The object of this is to permit 
of the pencil point being placed in contact witli the paper on the drum 
when a diagram is to be drawn and to remove the pencil clear of the 
paper when the diagram is finished. This operation of swinging round 
the pencil mechanism as a whole is performed by hand. An adjustable 
stop is generally provided so that when the mechanism is swung round 




to bring the pencil point on to the paper there is just sufficient 
pressure between the pencil and paper to cause the pencil to mark the 
paper. 

In each design there is an arm or standard B attached to or form- 
ing part of the piece A and which forms at its outer end the fulcrum 
for the radius »od E or, in the case of the Darke design, the fulcrum 
for the pencil lever L. Til all except the Tabor and Darke designs 
there is a second arm C formed witli or attached to A and which 
forms at its outer end the fulcrum for the radius rod F. 

In all except the Darke design the top of the piston rod is connected 
to the pencil mechanism through the link D. 

The pencil is attached in each design to the pencil lever or link L 
at P. 

In the Tabor design the straight line motion of the pencil is ensured 
by means of the curved slot in the guide plate G. A pin with a roller 
on it and attached to L works in this slot. 

In the Darke design the top of the piston rod is connected by a pin 
joint to the block lv through which the lever L slides as it oscillates. 
The pencil is attached to the piece S which is guidod in the straight 
slot in the guide plate G. The piece 8 is carried by the lever L which 
slides through S as it oscillates. 
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The chief requisites for a perfect pencil mechanism are : — 

(1) . The pencil should travel in a straight line parallel to the axis 
of the indicator piston. 

(2) . Any small displacement of the pencil in any position should 
bear a constant ratio to the corresponding displacement of the piston. 

(3) . The moving parts should be as light as possible consistent with 
strength and stiffness. 

(4) . The various joints should work with the minimum of friction 
and slackness. 

Practically all indicators comply with (1) and (2) with sufficient 
accuracy for ordinary purposes. Of the mechanism shown in Figs. 31 5 
to 320 the Tabor will comply with (1) if the curved slot is correctly 
made. The Darke mechanism is the only one that is mathematically 
perfect as regards both (1) and (2). The friction in the neighbour- 
hood of the pencil, however, acts at the maximum leverage in this 
design. None of the other designs is mathematically perfect as regards 
(1) or (2). 

Most commonly the travel of the pencil is to the travel of the piston 
as 6 to 1. 

202. Indicator Cock. -Before describing in detail some modern 
indicators reference must be made to a simple but important detail, 



Fig. 32). 



namely, the indicator cock which forms the connection to the engine 
cylinder. 

A good design of indicator cock is shown in Figs. 321, 322, and 
323. The part 1 is made of steel and is screwed into a convenient part 
of the engine cylinder or cylinder cover and communicates with the 
clearance space. The remainder of the cock is made of gun-metal but 
the handle 2 of the plug 3 is generally faced with wood or other suit- 
able material which is a bad conductor of heat. The washer 4 fits on 
a square part 5 on the plug and it therefore turns with the plug. 
Through one side of the plug there is a small hole 6 leading into the 
main hole 7 of the plug. Through one side of the body of the cock 
there is a small hole 8 as shown in Fig. 323. 

The indicator is attached to the cock by means of a screwed 
coupling, which is part of the indicator, and which engages with the 
screw 9. 







INDICATORS AND INDICATOR DIAGRAMS 285 


There are three positions into which the plug 3 may be turned by 
hand : (1) Shown in Fig. 323 in which communication with the engine 
cylinder is cut off and there is free communication between the atmo- 
sphere and the indicator through the holes 8, 7, and 6. (2 ) Shown in 

Fig. 321 iri which there is free communication between the engine 
cylinder and the indicator but communication with the atmosphere is 
shut off. (3) The blow-through position in which the plug is turned 
through 180° from position (1), there being communication between the 
engine cylinder and the atmosphere hut all communication with the 
indicator is cut off. 

For positions (T) and (3) the handle 2 is horizontal while for 
position (2) it is vertical. The plug is prevented from taking the 
other position in which the handle is vertical, and in which there 
would be communication between the engine cylinder and the indicator 
and also with the atmosphere, by means of the stop pin ‘10 fixed in 
the body of the cock and projecting into a gap in the outside edge of 
the washer 4 and which extends as far as will permit half a turn of the 
plug * 

A cap 1 1 is screwed on to 9, when the indicator is removed, to keep 
out dirt. 

203. Crosby Indicator. — An instrument which has been highly 
appreciated for many years is the Croxby indicator, one foim of which 
is shown in Fig. 324. For the four blocks used in illustrating this 
Article the author is indebted to the Crosby Valve and Engineering 
Co., Ltd., London. This indicator is made in America and has a 
world-wide reputation. 

Referring to Fig. 324, the cylinder 4 in which the piston 8 moves 
is fixed at the top between the casing 5 and the body A and is thus 
free to expand or contract. The space between the cylinder and casing 
serves as a steam jacket. The piston rod 10 is of steel and is made 
hollow for lightness ; at its lower end it is screwed into a socket on 
the piston and at its upper end it is connected to the peucil lever 16 
through the link 14 and the swivel head 12 the lower part 11 of which 
is screwed into the piston rod. The radius link 15 is jointed at one 
end to an intermediate point 20 in the link 14 and at the other end to 
the arm X on the sleeve 3. The fulcrum 18 of the pencil lever is at 
the upper end of the fulcrum rod 1 3 which is jointed to the sleeve 3 
at 17. 

The cover or cap 2 screws into A and prevents the sleeve 3 from 
rising. In the centre of the cap there is a hole fitted with a hard steel 
bush which forms a guide for the piston rod. The double helical spring 
above tho piston is connected to the piston at its lower end and to the 
cap 2 at its upper end. Details of the spring and piston will be further 
considered presently. 

On the body A is an arm 1 which carries the drum 24 and its 
connections. The central spindle 28 of the drum is secured to the 
arm 1 by means of the screwed extension and the xiut 39. Between 
the washer 38 and the arm 1 is clamped the piece 33 carrying the 
pulleys which guide the cord on to the pulley 27 at the base of the 
drum. 

The helical drum spring 31 is attached to a ring at its lower end 
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which in turn is connected to the drum pulley 27 by the screw 32. 
At its upper end the drum spring is attached to a cap having a square 
centra] hole which fits on to a square part formed on the spindle 28. 
The torque exerted by the spring on the drum is adjusted by lifting the 
spring cap clear of the square on the spindle and turning the cap round 
and dropping it back again fiver the square on the spindle. The paper 
is held on the drum by the clips 25. The drum shell 24 is readily 
detachable from its base. 

Taking hold of the knob 22 the sleeve 3 carrying the pencil 



Fig. 324. — Crosby indicator. 


mechanism may be turned freely about the axis of the cylinder and 
the pencil 23 brought into contact with the paper on tho drum or 
removed from it. To prevent undue pressure of the pencil on tho 
paper there is a stop on tho arm 1 against which the point of the 
screw of which 22 is the head comes in contact. The pressure of 
the pencil on the paper is adjusted by means of the screw just 
mentioned. 

The part 6 fits into tho top of the indicator cock, not shown in 
Fig. 324, and is secured to the latter by the coupling nut 7. 

Before the indicator cock is turned on, the piston 8 is under the 
pressure of the atmosphere on top and bottom and the line traced on 
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the paper for this condition of the piston is the atmospheric line. The 
position of the atmospheric line on the paper is adjusted by means of 
the screw 11 ---on the lower part of 12. The cap 2 is unscrewed and 
the sleeve 3 with its connections is lifted from the cylinder, the piston 
with the parts' connected to it is then rotated so as to bring the joint 
12 nearer to or further from the top of the piston rod as may be 
required. 

The piston spring is shown separately in Fig. 323. It is made 
from a straight piece of steel wire in the middle of which is fixed a steel 
bead. The wire is then wound from the middle to form two helices the 


ends of which are passed through holes drilled helically in four radial 
wings on the nut which screws on to the cap 2 in Fig. 321. Adjust- 
ment of the stiffness of the spring is made bv screwing it more or less 
into the wings of the nut before it is finally fixed thereto. 

The attachment of the foot of the spring to the piston is shown 


separately in Fig. 32G where A is the piston 
and B the piston rod. The bead on the 
spring is held between the lower end of the 
piston rod and the upper end* of the screw 
which screws into the lower socket on the 




Fig. 320 


Fig. 326. 


Fig. 327. 


piston. To permit of the bead on the spring entering the upper socket 
a on the piston that socket is slotted to clear the wire of the spring on 
each side of the bead. To prevent the slotted socket from opening 
when the piston rod is screwed into it there is a socket a' b' formed in 
the shoulder of the enlargement b of the piston rod to receive the 
spigot a 2 6“ formed on the top of a. It is most important that the 
screw below the bead should not be screwed up against the bead until 
the piston rod has been firmly screwed home and the screw below should 
then be screwed up lightly against the bead. 

The Crosby design of piston spring and its connection to the piston 
is ingenious and admirable ; it ensures that the thrust of the spring 
on the piston is central and that there is no tendency to tilt the piston 
and thus cause friction between the piston and cylinder. 

Another design of Crosby indicator is shown in Fig. 327. This has 
an external spring which is in tension instead of compression. The 
great advantage of the external spring type of indicator is that the 
spring is not affected by the changes of temperature which occur in 
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the cylinder of the indicator, especially when the indicator is used on 
an internal combustion engine. 

A radical departure in the design of the piston is also "shown in 
Fig. 327. The piston is in the form of the central zone of a sphere 
and the contact between it and the cylinder is therefore line contact. 

For steam engine work the piston of an indicator has. most com- 
monly, an area of half a square inch, but for indicating internal 
combustion engines, in which the maximum pressure is much higher than 
in steam engines, the area of the piston is one-quarter of a square inch. 

204. Dobbie Mclnnes Indicator. 1 — Another indicator with a high 
reputation is the Dobbie Mclnnes indicator. This instrument is made 



Fig. 328.— Dobbie Mclnnes Indicator. 


by Messrs. Dobbie Mclnnes, Ltd., of Glasgow, to whom the author is 
indebted for the illustration, Fig. 328, which shows the external spring 
type of their indicator. 

1 Formerly known as the “ Mclnnes Dobbie ” indicator. 
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The helical drum spring A has brass ends a 1 and ar of which a 1 fits 
on the square 13 on the drum spindlo C, while ar reciprocates with the 
drum. 4b increase or diminish the torque of this spring on the drum 
the top end a 1 is lifted off the square B and turned to left or right and 
then replaced. D is the frame, bracket and stud, carrying the cord 
guide pulley whose position may be adjusted to take the cord off at 
any angle by means of the set screw E and clamping fly hut F. The 
pencil mechanism G multiplies the piston travel six times at the pencil 
point. H is .a milled nut connecting the piston rod S to the pencil 
mechanism. The pressure of the pencil on the paper is adjusted by 
means of the screw pin I which is locked in position by the binding 
nut K. The vulcanite covered handle L is used to manipulate the 
swinging arm or bracket M carrying the pencil mechanism. N is the 
upper cylinder covet 1 or cap, around which the bracket M is fitted and 
swings. The cap N is flanged above the centre of the* bracket M, 
holding this so that when the cap is unscrewed the cap and bracket are 
still connected. The lower cylinder cap t) prevents steam escaping 
upwards and affecting the pressure spring U or moistening and 
damaging the diagram card. Any steam passing the piston Y is 
discharged to the atmosphere through the escape hole X 1 at the 
bottom of the cylinder. 

When the top cover N is unscrewed, the piston cap O, piston V, 
swinging brackot M, and pencil mechanism are all released and pull 
up together. The pressure spring IT has its upper end screwed to the 
top cover N and its lower end screwed to the spring seat T which is 
fixed to the piston rod. The piston V is made of steel and has a 
recess for lubricant and the accommodation of grit. The nut Y serves 
to connect the indicator to the indicator cock. The vulcanite sheath- 
ing Z prevents burning of the fingers of the operator when the indicator 
is under steam. 

205. Optical Indicators. — For engines running at high speeds, say 
over 300 revolutions per minute, the ordinary indicator with its link- 
work pencil motion is unsuitable on account of the inertia of its 
reciprocating parts. For this reason, in practice, the indicated horse- 
power of high-speed engines is, generally, not determined and the 
performance is based on the brake or shaft horse-power. 

For scientific work on high-speed engines it is, however, important 
to know what is going on in the cylinder, as far as can be learned from 
an indicator diagram, and for this purpose optical indicators have been 
devised. 

In an optical indicator a very stiff spring having a small deflection 
for the range of pressure in the cylinder is tiged, and this small move- 
ment is communicated to a tilting mirror upon which a pencil of light 
is projected and then reflected on to the photographic plate of a 
camera. At the same time the mirror is given an oscillating motion 
about an axis at right angles to the axis of tilt to correspond to the 
motion of the engine piston. 

In 4 ome optical indicators a thin metal diaphragm is used instead 
of a piston and spring, the diaphragm being clamped round its 
circumference. * J 

One well-known optical indicator is that invented bv the late 

0 
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Professor Bertram Hopkinson, of Cambridge. This instrument, which 
is made by Messrs. Dobbie Me Lines, Ltd., of Glasgow, is shown in 
Fig. 329. A block A is screwed into the ordinary indicator hole of 
the engine. The frame B fits over the block, sutlicient clearance being 
left to provide for unequal expansion. The frame is held up by a 
spring into engagement with the lower face of the nut C, screwed to 
the top of A, a ball-race being interposed so as to admit of easy 
rotation of the frame about the axis of A. 

The spring 1) is a piece of steel strip resting in grooves at the ends 
of the frame B, and held by the screws E. The spring is slightly 
bowed before insertion in the frame, so that when the screws E are 



screwed home, the spring is held straight with slight pressure on the 
four points of support. 

The piston F slides in a bore in the block A. At the top it is 
provided with a hook G, the opening of which is slightly larger than 
the thickness of the spring. The piston is thus free to move laterally, 
and no binding action is possible between it and the sides of the bore, 
such as would occur if the piston were rigidly attached to the spring. 

Three pistons are supplied, the areas being in the ratio of 1, 2, and 
4. There are two springs which are ground so that their stiffnesses 
are in the ratio of 1 to 5. A wide range of sensibility is thus 
obtained. The smaller pistons fit inside liners which are inserted in 
the bore of the block A. 

The mirror II is clamped to a steel spindle I, the ends of which 
are pivoted in small holes in the vertical spring cheeks J. The motion 
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of the spring D is communicated to the spindle and mirror by means 
of the piece of vertical spring K. The lower end of this spring is held 
firmly on the face of the main spring D by means of the jaws L, the 
upper end is firmly clamped to the arm M, which projects at right 
angles from the mirror spindle. 

The spring K, while sufficiently rigid to transmit the motion of the 
main spring to the end of the arm M without buckling, is llexible 
enough to allow for the angular motion of that arm. The mirror is 
thus turned about the axis of the spindle hy an amount which is 
proportional to the displacement of the main spring D, and therefore 
to the pressure under the piston. 

The upward motion of the piston is limited, and excessive bending 
of tho spring I) prevented, by the cap N. 

Tn order to give the other motion to tho mirror, the drarne B is 
positively connected by linkage to a reciprocating part of tho engine, 
and is thus caused to oscillate as a whole about the axis of the block A. 
The motion thus given to the frame B must be in phase with and 
proportional to the piston mertion. 

'The camera supplied is readily fixed to or removed from the 
indicator. 

206. Reducing Gears. — The stroke of the engine piston being 
generally much greater than the length of the required indicator 
diagram some form of reducing gear is necessary to connect the 
indicator drum with the engine crosshead or some other part which has 
the same motion as the piston. The designs of reducing gears for this 
purpose are exceedingly numerous, a good many being correct while 
the others are only approximately so. But many of those which are 
not correct are sufficiently exact for practical purposes, and if they are 
simple in construction great refinement of accuracy may generally bo 
dispensed with. 

A reducing gear is said to be correct when the linear motion of 
the paper on the indicator drum is an exact copy, on a reduced scale, 
of the motion of the engine piston, that is to say, when the paper has 
made 1-wth of its travel the piston must have made I-?ith of its stroke, 
where n is any number. 

The most common form of reducing gear is the oscillating lever 
type, four examples of which are shown in Figs. 330 to 333. 

Referring to Fig. 330, a lover BC is hung from a fixed pin G. 
This pin C is attached to a bracket or standard fastened to a con- 
venient part of the engine frame. A pin A attached to t-be engine 
crosshead projects therefrom into a slot in the lever at B. A a is the 
line of stroke of the pin A, a is its middle position, and Ca is perpen- 
dicular to A a. As the pin A reciprocates with the engino crosshead 
the lever BC swings about the pin C. One end of the indicator cord 
is attached to the pulley at the base of the drum and is coiled round 
that pulley while tho other end is attached to the lever BG at E. Cca 
is the centre line of the lever in its middle position. For the sake of 
clearness the upper part of Fig. 330 is enlarged as a simple line diagram 
at Cm). XE parallel to a A is the displacement of E in that direction 

XE CX 

from its middle position. ^ =s (fa* but CX is not a fixed length, 
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therefore the ratio of XE to a A is variable and depends on the position 
of the lever. The position of E when the lever is in the middle of its 

swing is e . Draw eY parallel to* aA, then which is constant. 

r aA Ca 

Hence eY instead of XE should be the displacement of E parallel to 
a A for a correct roducing gear. 

If the indicator cord proceeds from E in the direction parallel to 
aA, then XE is the length of cord wound on to the drum pulley for a 
displacement aA of the engine piston, and this is less than it should 
be for a correct gear by the difference between eY and XE. If the 
cord from E is not parallel to aA it is easy to show that the error will 
be increased. 

Now let a sector CHS, Fig. 331, bo fixed on the lever EC, the 
centre of the pin C being the centre of the circle of which RS is an 
arc, and let the cord be attached to this sector so that as the lever 
swings the cord is always tangential to the arc RS. Then for the 



displacement shown the length of cord unwound from the sector is the 
length of the arc <*E, which is greater than XE but less than eY, 
The addition of the sector CHS, called a brumbo pulley , has therefore 
improved the accuracy of the gear. Also, the cord may be taken off at 
any inclination, so long as it is tangential to RS, without increasing 
the inaccuracy. 

By attaching a slotted plate P, Fig. 332, to the crosshead, the slot 
being at right angles to tho line of stroke, and by fixing in the lever 
the pin B which works in the slot, the displacement of E parallel to 
the line of stroke will bear the constant ratio CE : CB to the crosshoad 
displacement, and if the cord from E is parallel to the line of stroke 
the reducing gear becomes almost perfect. The only error is now due 
to the small displacement of E at right angles to the line of stroke 
which prevents the cord from E remaining perfectly parallel to the 
line of stroke. In general this error is quite negligible. 

Another oscillating lever gear which is nearly perfect is that shown 
in Fig. 333. The pin A is fixed to the crosshead and projects into the 
link AB. This link is jointed to the swinging lever BC at B. But 
for the small oscillations of the link AB about A th6 displacement of 
E parallel to the line of stroke would bear the constant ratio CE : CB 
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to the crosshead displacement. This gear has been much used on gas 
engines. 

The cord in Figs. 330, 332, and, 333, is guided by a pulley L 
(Fig. 333), so that the part of the cord between E and the pulley 
shall be practically parallel to the line of stroke. 

The gear shown in Fig. 332 may be made perfect by altering it to 
the form shown in Fig. 334. A slider D is guided parallel to the line 
of stroke. A pin E attached to the slider projects into a slot T in the 
swinging lever. The motion of the slider is an exact copy of the 
motion of the crosshead on a reduced scale. The cord is attached 
to the slider and leaves it in a direction parallel to the line of 
stroke. 

In another type of reducing gear two pulleys of different diametors 


b 


Fio. 335 . 

and connected together are mounted on the same axle. A cord con- 
nects the larger pulley with the engine crosshead and another cord 
connects the smaller pulley with tlio drum pulley of the indicator. 
The reduction of motion is the ratio of the diameter of the smaller 
pulley to that of the larger. This type of gear gives a constant 
reduction of motion throughout the stroke. 

An example of the pulley type of reduction gear is shown in 
Fig. 335 attached to a Thompson indicator. The larger pulley A 
and the smaller pulley B rotate together on an axle carried by the 
frame C. The pulley B may readily be detached and replaced by 
another one of a set having different diameters so as to adapt the 
reduction of motion to the stroke of the engine piston. Three extra 
pulleys are shown at (/>). The pulleys are made of thin hard-rolled 
aluminium to reduce the weight to a minimum and make the gear 
suitable for high speeds. 

207. Mean Effective Pressure from Indicator Diagram.— One of 
the factors required in determining the work done on the piston of an 
engine per revolution of the crank shaft, as a step to finding the 
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indicated horse-power, is the mean effective pressure on the piston. 
The M.E.P. is the mean height of the indicator diagram measured oil 
the pressure scale of the diagram. 

There are various ways of finding the mean height of a diagram. 
Tho best way, when a plan! meter is available, is to measure the area of 
the diagram with that instrument and then dividing the area found 
by the extreme length of the diagram, measured parallel to the 
atmospheric line, the result is the mean height, and this multiplied by 
the number of the pressure scale (units of pressure per unit of length) 
gives the required M.E.P. For example : if the area of the diagram 
as found by the planimetor is 168 square inches, and if the length of 
the 'diagram is 3 inches, then the mean height of the diagram is 
1*68 -r 3 = 056 inch, and if the pressure scale is 100 lb. per square 
inch per inch, then the M.E.P. is 0'5G x 100 = 56 lb. per square inch. 

The mid-ordinate method is the one generally used when a planimeter 
is not available. This method is illustrated by Fig. 336. The length 
of the diagram is divided into 
a number of equal parts, gene- 
rally 10, and these parts arc 
bisected by ordinates perpen- 
dicular to the atmospheric lino 
AL. Applying the pressure 
scale the lengths of the ordi- 
nates lying within the diagram 
are measured and noted oil 
the diagram as shown ; adding 
these up and dividing by the number of ordinates, in this case 10, 
the M.E.P. is found. 

Instead of using the pressure scale directly on the separate ordinates, 
the lengths of these may be marked off in succession and continuously 
on the straight edge of a strip of paper. Tho sum of the ordinates is 
then measured, say, in inches, and the result multiplied by the number 
of the pressure scale and divided b^ the number of ordinates gives the 
M.E.P. 

Theoretically the M.E.P. found by means of ordinates will be more 
accurate the larger the number of ordinates used, but in practice the 
number need not exceed 20. 

If the length of tho diagram be divided into as many as 20 equal' 
parts and ordinates be drawn through the points of division and also 
through the end points there will be 21 ordinates in all and instead of 
drawing and measuring the mid-ordinates the mean ordinate may be 
found by first finding the mean of all the ordinates except the last, 
then the moan of all except the first, and finally the mean of these two 
moans which is the mean required. 

208. M.E.P. Referred to L.P. Cylinder.— If the total work done in 
the two or more cylinders of a compound or a multi-stage expansion 
engine be assumed to be done in the low-pressure cylinder alone, then 
the necessary M.E.P. in that cylinder is called the mean effective 
pressure referred to the low-pressure cylinder . 

Let A denote the mean area of the L.P. piston and A 1% A 2 , etc. the 
mean areas of the other pistons. Also, let L, L lf L 2 , etc. denote the 
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respective strokes and j), e tc. the respective mean effective 

pressures. Then if p ltl ~ M.E.P. referred to L.P. cylinder, 

= />AL + PlAJj! + j>2 A 2 L 2 + etc - 

209. Mean Indicator Diagram. — When an important trial of an 
engine is made numerous indicator diagrams are taken and it is 
important to have for each cylinder a diagram which is the moan of 
all those taken from the same cylinder. 

An obvious, but somewhat laborious, way of obtaining a mean 
diagram is to draw similar sets of ordinates on the diagrams to he 
averaged and then find the means of corresponding ordinates as the 
ordinates of the mean diagram. All the ordinates are measured from 
the atmospheric line to which they are perpendicular. 

An approximate moan diagram may be more easily found by 
measuring the areas of all the diagrams to be averaged with a plani- 
meter and then, after finding the mean of all the areas, select that 
diagram whose area is nearest to the mean area, and take that as the 
mean diagram. 

A method, which seems to be an admirable one, is to make a com- 
posite photograph of the diagrams. This method is fully described by 
Mr. George E. Scholes in TBntjinemng, Jan. 10, 1913, and is carried 
out by photographing the diagrams in succession on the same plate, 
giving each 1 -/itb. of the correct exposure under the lighting con- 
ditions, where n is the number of diagrams to be photographed, 

210. Modifications of Theoretical Indicator Diagram in Practice. 
— The features of the theoretical indicator diagram for a steam engine, 
which is used for comparison with the actual diagram, are exhibited at 
(O) in Fig. 337. The steam is admitted at F and the pressure in the 
cylinder rises at once to the full pressure as shown by the vertical 
admission line FA. Admission continues at constant pressure as shown 
by the horizontal steam line AB until the point of rut off B is reached. 
Cut oft* takes place instantaneously. Expansion of the steam then 
takes place and continues until the piston reaches the end of its 
forward stroke. This operation is represented by the expansion curve 
BC. For the purpose in view it is usual to assume that the curve BC 
is a rectangular hyperbola whose asymptotes are OX and OY, the axes 
of volume and pressure. This means that PV = constant. This is, 
however, not strictly true even for an ideal diagram. The exhaust 
begins at C, the point of release , and the pressure falls at once to the 
back pressure as shown by the vertical exhaust line Cl). Exhaust 
continues at constant pressure, as showp by the horizontal backpressure 
line DE. At E the exhaust is stopped and compression bey ins and 
continues to the end of the return stroke as shown by the compression 
curve EF. The compression curve is assumed to be another rectangular 
hyperbola having the same asymptotes as BC. 

The principal modifications of the above features which appear on 
actual indicator diagrams are shown in the sketches (1) to (8) in 
Fig. 337. 

(1). The steam line AB usually slopes downwards as A b. This is 
due to the throttling action of the steam port. Instead of being 
straight, as shown, A b may be more or less curved. 
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(2) . The cut off is more or less gradual, beginning at b and finishing 
at b\ This causes a gradual throttling action which produces the 
curve bb\ The virtual point of cut off is B where the steam and 
expansion lines meet when continued. 

(3) . The actual expansion curve Be may fall below BC either as 
the result of leakage past the piston or of condensation in the cylinder. 
If the actual curve Be is above BC this may indicate steam valve 
leakage or it may be due to the action of the steam jacket if there is one. 

(4) . Release takes place at c before the end of the forward stroke 
is reached and it takes place more or less gradually. The pressure 



may fall to the back pressure before the end of the stroke ; at (4) the 
exhaust pressure is shown reaching the back pressure at D, the end of 
the stroke. 

(5) . The exhaust pressure does not reach the back pressure until 
part of the return stroke of the piston has been performed. 

(6) . If the admission valve opens before the beginning of the 
forward stroke the admission line FA will slope as shown. 

(7) . This shows the compression curve rising above the initial 
steam pressure before the admission valve opens. This causes a loop 
in the diagram. 

(8) . A loop may also be formed by a very early cut off ; the steam 
then expands to below the back pressure before release. The expansion 
line is shown crossing the back pressure line at G. 

The area of a loop is to be taken as negative when determining the 
area of the diagram. 

211. Effects of Speed 
on Indicator Diagrams.— 

With the same valve setting 
an indicator diagram will 
have different shapes at 
different engine speeds. The 
higher the speed the greater 
is the throttling action on 
the steam in passing through 
the ports and passages. 

There is also less inter- 
change of heat between the 
cylinder and the steam dur- 
ing expansion and compression at the higher speeds. 
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The effect o£ engine speed on the indicator diagram is well shown 
in Fig. 338, copied from one given by the late Dr. J. T. Nicolson in the 
Proceedings of the Institution of Mechanical Engineers , 1905, p. 335. 
Three superposed diagrams are shown for crank shaft speeds of 60, 
200, and 300 revolutions per minute, the valve setting being the same 
for all. 

212. Indicated Steam and Missing Quantity —The determination 
of the steam consumption of an engine from an ideal indicator diagram 
has been explained in Art. 197, p. 275. The subject will now be 
further considered with reference to an actual indicator diagram and 
the actual performance of an engine. 

A mean indicator diagram from the low-pressure cylinder of a 
compound engine is given in Fig. 339. The stroke volume KL of the 
cylinder is 43*3 cubic feet and the clearance volume OK. is 2*2 cubic 
feet. A point A is selected on the expansion curve. At this point 
the absolute pressure is 16 lb. per square inch and the volume OM is 
22*77 cubic feet. Assuming that the steam in the cylinder to the left 


of A is dry and saturated its. weight is 


22*77 

24*74 


= 0*920 lb., where 24*74 


is the volume, in cubic feet, of 1 lb. of dry saturated steam at the 
pressure AM. 

A point R is next selected on the compression eurvo, nenr to where 
compression begins. At this point the absolute pressure BN is 4 lb. 
per square inch and the volume ON is 4*88 cubic feet. Assuming 
that the steam in the cylinder to the left of B is dry and saturated, 
4*88 

its weight is ^ = 0*054 lb., where 90*5 is the volume, in cubic feet, 


of 1 lb. of dry saturated steam at the pressure BN. This is the weight 
of the cushion steam or the weight of the steam which gets compressed 
into the clearance space. 

The difference between the weight of the steam at A as found 
above and the cushion steam is called the indicated steam per stroke 
for the point A. 

During a trial of the engine tlie actual steam consumption was 
13,680 lb. per hour and the average speed was 100*1 revolutions per 
minute. Hence the weight of steam supplied on each side of the 


piston per revolution was 


13,680 


1AA v o = 1*139 lb. This is called 
60 X 100*1 X 2 

tho cylinder feed. Adding this amount to the cushion steam the 
actual weight of steam in the cylinder to the left of A is 0*054 + 1*139 
= 1*193 lb. But from the indicator diagram it has been computed 
that the amount of steam in the cylinder to the left of A is only 
0*920 lb. The difference between these* two amounts, 1*193 — 0*920 
= 0*273 lb., is known as the missing quantity of steam per stroke at the 
point A. Neglecting leakage the missing quantity is accounted for by 
condensation. Hence the steam at A is not dry and its dryness 

0*920 A ^ 
fraction is =uw i 1. 


It will be noticed that the actual weight of steam at A, 1*193 lb., 
was obtained by adding tho cushion steam to the cylinder feed, and in 



298 


HEAT ENGINES 


computing the cushion steam it was assumed to be dry and saturated 
which is probably not strictly true. But at B the temperature of the 
cylinder cannot differ much from that of the steam, and the water in 
the steam during exhaust would probably pass to the condenser. In 
any case the weight of the cushion steam is generally small compared 
with the cylinder feed and therefore any error in regard to the dryness 
of the cushion steam will have little influence on the dryness fraction 
of the steam at. A as calculated above. 

213. Saturation Curve on Indicator Diagram.— Still referring to 
Fig. 339, it has boon shown that for the point A there is 1*193 lb. of 
steam and water in the cylinder. Neglecting the volume of the water, 
the volume of the steam is OM which represents 22*77 cubic feet, but 
if all the water and steam present were dry saturated steam the 
volume would be 24*74 x 1*193 =■ 29*51 cubic feet. Now on the 
horizontal line through A make IIS = 29*51 on the volume scale of 
the diagram, then S is a point on the saturation curve. The distance 
AS is the volume of the missing quantity and the ratio of RA to RS 
is the dryness fraction of the steam in the cylinder for the point A. 



Any number of points on the saturation curve may be found by 
taking from the steam table the volumes of 1 lb. of dry saturated 
steam at selected pressures and multiplying these by 1*193 to obtain the 
volumes for the saturation curve at the selected pressures. 

If all the steam in the cylinder were dry and saturated during 
expansion the expansion curve would lie on the saturation curve. 

214. Work Diagram Excluding Cushion Steam. — A diagram 
representing the action of the cylinder feed by itself may be con- 
structed as follows. Referring to Fig. 339 let the compression curve 
be continued up 1o the inital pressure. In doing this it will be 
sufficiently accurate to assume that the curve follow's the law pv = con- 
stant. Let this curve BDC cut any horizontal such as RAS at 1). 
Then DA is the volume of the cylinder feed at the pressure AM 
exclusive of the missing quantity and DS is the volume including that 
quantity. Now let the points E, A and S, where the horizontal RS 
cuts the indicator diagram and the saturation curve, he moved to the 
left by the amount RD, and let this construction be repeated at a 
sufficient number oi different levels. Joining up the new points found 
another diagram and another saturation curve are obtained which for 
the sake of clearness are shown separately in Fig. 340. 

The new diagram will have exactly the same area as the original 
one, the volume of the missing quantity will be the same at the same 
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pressure, but the saturation curve will now be the saturation curve for 
the actual cylinder feed. 

215. Combination of Indicator Diagrams of Compound Engines. — 
The indicator diagrams as taken from the cylinders of compound 
engines have different pressure scales, and since the lengths of the 
diagrams are generally about the same, the volume scales are different 
owing to the volume of the low-pressure cylinder being much greater 
than that of the high-pressure cylinder. For some purposes it is 
convenient to redraw the diagrams using the same pressure scale and 
the same volume scale for both, and having the same pressure and 
volume axes. The procedure is simple and is illustrated by the 
example in Fig. 311, which is taken from one of Mr. Michael 
Longridge\s reports to the British Engine, Boiler, and Electrical 
Insurance Co., Manchester. 



The actual indicator diagrams are shown at (1) and (2), reduced in 
size. The stroke volume of the H.l\ cylinder is 14-91 cubic feet, and 
the clearance volume is 0*75 cubic foot. The stroke volume of the L.P. 
cylinder is 43*3 cubic feet, and the clearance volume is 2-22 cubic feet. 

From ten to twenty equally spaced ordinates are drawn on each 
indicator diagram. Axes of pressure and volume for the combined 
diagram are drawn and scales for pressure and volume selected. Cj 
and C 2 , the clearance volumes of the 1I.I\ and L.P. cylinders re- 
spectively, are marked off and to these are added the stroke volumes V 1 
and V 2 . Two sets of equally spaced ordinates are next drawn in the 
spaces \ 1 and V 2 , the number of ordinates in each set being the same 
as drawn on the actual indicator diagrams. The pressures at the 
respective ordinates, measured from the line of zero pressure, are read 
off from the indicator diagrams and measured off on the new diagram 
to the new scale. The points thus found are then joined up by fair 
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curves. The saturation curves S 1 S 1 and S 2 S 2 are generally added 
as shown. 

It will be observed that the saturation curves if continued would 
not form one continuous curve. This is due to the fact that, although 
the cylinder feed may be the same in both cylinders, the amount of 
steam in the HYP. cylinder for which the curve S 1 S l is drawn is not 
the same as that in the L.P. cylinder for which the curve S 2 S 2 is 
drawn, the amount of cushion steam in the H.P. cylinder being 
greater than that in the L.P. cylinder. The cylinder feed 1 6 the L.P. 
cylinder may also be less than that to the H.P. cylinder due to com 
densed steam in the intermediate receiver being drained off before 
reaching the L.P. cylinder. 

It will be seen that the greater part of the expansion curve for the 
H.P. cylinder lies outside the saturation curve ; this is due to the fact 
that the steam entering that cylinder is superheated 137° F. (76T°C.). 

It is instructive to draw the combined diagram after eliminating the 
cushion steam from each indicator diagram in the manner described in 
Art. 214. In that case if the cylinder feed is the same to both 
cylinders, which is the oase in the example illustrated by Fig. 341, the 
saturation curves will be continuous. 

216. Construction of Temperature-Entropy Diagram from In- 
dicator Diagram. — The first point to be clearly kept in mind in 
regard to the construction of a temperature-entropy (T </>) diagram 
on a T <f> chart is that the chart is constructed for 1 lb. weight of 
steam, or water, or steam and water. 

The second point is that it is convenient to assume that the supply 
of steam, or water, or steam and water used in the engine is used over 
and over again, and that the operations of heating and evaporating the 
water, and the subsequent condensation of the steam, take place in 
the engine cylinder. Even when the engine is non-condensing, or 
when the steam is exhausted into another cylinder to do further work, 
it is convenient to assume that the steam which leaves the cylinder 
during exhaust is condensed in the cylinder, because it is water which 
is fed into the boiler, and whether this water is the steam from the 
engine condensed or a fresh supply will not affect the indicator (PV ) 
diagram or the T (j> diagram. Also, during admission, before the whole 
steam supply for the cycle has entered the cylinder, it will not affect 
these diagrams if it is assumed that the remainder of the supply is in 
the form of water in the cylinder. 

Stated briefly, any of the steam supply not in the cylinder at any 
point of the piston stroke is assumed to be water and since the volume 
of that water is negligible compared with the volume of the steam the 
measurement of the volumes on the PV diagram is not affected by tlie 
assumption that the above mentioned water is in the cylinder with 
the steam. 

The first step to he taken before the T <f> diagram can be proceeded 
with is to find the weight W of the working steam and water in use in 
the cylinder during a cycle on one aide of the piston. This step has 
been fully explained in Art. 212. W is made up of the cushion steam 
and the cylinder feed. 

If at any point A of the stroke where the pressure is p the PV 
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diagram shows that the volume of tho steam in the cylinder is V cubic 
feet, this is for W lb. and tho volume for 1 lb. is v\ = V / W. The ft ctor 
1/W is called the volume factor. If v is the specific volume of the 
steam at pressures p then t^/w is its dryness fraction. If t is the 
temperature corresponding to the pressure p, the point on the T<£ 
diagram corresponding the point A on the PV diagram can now 
be fixed. 

The procedure in constructing the T<£ diagram corresponding to a 
given PY diagram will now he illustrated by an example. The 
indicator diagram chosen is given in Pig. 342 and is the same as that 
made use of in Art. 212. 

Tho starting point 1 is taken on the expansion curve and is the 
same as the point A in Fig. 339, p. 298. Tho actual weight of steam 
and water in tho cylinder was found in Art. 212 to be 1*193 lb. The 
volume factor is therefore 1/1*193 and the volumes taken from the 



indicator diagram must be multiplied by this factor. This means that 
in the example being considered the T <j> diagram is to be constructed 
for an engine cylinder smaller than the actual one in the ratio of 1 to 
1*193 by volume. 

The volumes from the indicator diagram are host found as follows. 
For the point being considered measure the distance d, which includes 
the clearance, say in inches. Tho stroke length of the diagram, before 
reduction to Fig. 312, is 3*22 inches and this represents 43*3 cubic 
feet. The actual volume of the steam in the cylinder for the point 


considered is 


aT1 ^ this ft) i* 1*193 lb. of steam. 

3*22 


The volume of 


1 lb. of steam for this point is ^193 = H’272rf = = ®i- 

For the point 1, d = 1*69 inches and = 11*272 x 1*69 = 19*05 
cubic feet. The pressure at this point is Id lb. per square inch 
absolute and tho temperature t is 102*4° C., and the specific volume v 

is 24*74 cubic feet. Therefore the dryness fraction x is — ^ = 0*770. 


The point 1 on the T </> diagram, Fig. 343, is now found as follows. 
Draw ab at the level 102*4° O., cutting the water line at a and the 
saturated steam line at b . Measure ah on any scale and make 
al = Q'770ab on the same scale. 

If the Td> chart has a sufficient number of constant volume lines or 
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a sufficient number of quality lines on it the point 1 may be spotted 
without direct measurement of al. 

A sufficient number of points on the PV diagram have to be dealt 
with in the same way as for the point l and the points found on the 
T </> chart are then joined up. 

It will be found convenient to tabulate the various steps for the 
selected points as shown in the following table, which gives the results 
for four points only. 


Point. 

p 

i 

e c C. ; 

V 

d 

f, — <•»/ 

•x aaiy'o 

1 

16 

102-4 

24-74 1 

1-G0 

19-05 

0-770 

7 

4 

67-2 

00-5 ; 

3-22 

36-30 

0-401 

12 

8 1 

83-8 ■ 

47-28 ; 

0-20 

2-25 

I 0-048 

15 

22 

111-7 1 

18-37 : 

0-50 

1 5-64 

0*307 


217. Diagram Factor.- The ratio of the M.E.P. obtained from an 
actual indicator diagram to the M.E.P. from the corresponding 
theoretical diagram is called the diagram factor. In the theoretical 
diagram referred to, clearance and compression are neglected and the 
expansion is assumed to be hyperbolic. The initial pressure is 
generally taken as the boiler pressure but it is better to take it as the 
pressure at the engine stop valve. The back pressure is that expected 
in the actual engine. The expansion ratio taken is the nominal 
expansion ratio which is the ratio of the stroke volume to the volume 
at, cut off, neglecting clearance, in the case of a simple engine, and the 
ratio of the stroke volume of the low pressure cylinder to the volume 
at cut off in the high pressure cylinder, neglecting clearance, in the 
case of a compound or multi-stage expansion engine. 



Fig. 344 shows the theoretical diagram ABODE and the actual 
diagram (X) for a simple engine, and Fig. 345 shows the theoretical 
diagram ABODE and the actual diagrams (X) and ( Y) for a compound 
engine. 

In compound and multi-stage expansion engines the M.E.P. 
mentioned above is the M.E.P referred to the low-pressure cylinder. 

Commonly the diagram factor is from 0*7 to 0 9 in simple engines, 
from 0*6 to 0*8 in compound engines, and from 0*6 to 0*7 in triple- 
expansion engines. It is higher the greater the ratio of expansion. 
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It is also higher with jacketed than with unjacketed cylinders and 
higher with superheated than with saturated steam. In large slow- 
speed pumping engines with jacketed cylinders the diagram faotor is 
sometimes as high as 1 . 

218. Interchange of Heat Between Expanding Steam and 
Cylinder.— Let 1 2, Fig. 346, be a portion of 
the expansion curve of an indicator diagram. 

With sufficient data the dryness fractions 
and :i '2 at the points 1 and 2 can be found as 
explained in Art. 212, p. 297. 

Consider 1 lb. of steam, including water, if 
any. If v 1 and v 2 are the specific volumes of 
dry saturated steam at the pressures P l and P 2 , 
the volumes of the actual steam at these pres- 
sures are V 1 = i c 2 v 1 and V 2 = x^v^, the volumes of the water being 
neglected. 

It may be assumed that the curve 1 2 is of the form PV" = C. 

Hence I^V*" = P 2 V.,“ and n = IoR */ " '° S 

logVa-logVi 

If W is the work done per lb. of steam between the points 1 and 2, 
P Y T — P. V . 

then W = 1 1 2 2 in heat units. 

(“ ~ 

If Ljl and L 2 are the latent heats and h v and the sensible heats 
of dry saturated steam at the pressures P t and P 2 , then the internal 
energies of the actual steam at the points 1 and 2 are — 

Jil + •t*x( ^ l. Vj ) = K 1 and 7 j 2 -f- .r 2 ( Lg — j 2 j = E 2 


If Q is the heat given by the steam to the cylinder between the 
points 1 and 2, then Q = E x — E 2 — W. 

If E A — E 2 — W is negative, then Q is negative, and the steam 
gains heat from the cylinder. 

On the T<£ diagram the expansion line is vertical when Q = 0, it 
slopes downwards to the left when Q is positive and downwards to the 
right when Q is negative. 


Exercises XV 

1. An indicator spring is found to roquire an axial force of 30 lb. to shorten it 
0*1 inch. If this spring is used in an indicator having a piston half of a square 
inch area, and a pencil mechanism which magnifies the motion of the piston six 
timea, what would bo the scale of this spring in lb. per sq. inch per inch of pencil 
travel ? 

2. A vertical two-crank compound engino has one H.P. cylinder 21 inches in 
diameter and ono L.P. cylinder 3G inohes in diameter. The stroke of both pistons 
is 3 feet and both piston rods are 4*5 inches in diameter and there are no tail rods. 
In a trial of this engine the mean effective pressures were 41*5 and 12*14 lb. per 
sq. inch in the H.P. and L.P. cylinders respectively. The engine speed was 100*6 
revolutions per minute. Prom those data compute the I.H.P. of the separate 
cylinders. 

3. An indicator diagram from a horizontal steam engine is given in Pig. 347 
together with certain particulars. Determine : (a) The mean effective pressure ; 
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(6) The indicated horse-power ; (c) The indicated steam consumption per I.H.P. 
per hour. Ncgloct the piston rod and take the weights of 1 cubic foot of 
steam at the absolute pressures 
of 50 and 20 lb. per square inch 
(the pressures at A and B) as 
0*1175 and 0*0498 lb. respectively. 

Note that the pressure scale given 
■on the diagram is gauge pressure 
in lb. per sq. inch. 

4 . In a two-cylinder com- 
pound engine the diameters of 
the cylinders are 25^. and 52 
inches, and the stroke of the 
pistons is 5 feet. The H.P. piston 
rod and tail rod have a diameter 
of G inches, and the L.P. piston 
rod and tail rod have a diameter 
of 7 inches. On trial the M.E.P. 
in the H.P. cylinder was 53-77 lb. per sq. inch, and tlic M.E.P. in the L.P. 
cylinder was il*09 lb. per sq. inch. Compute the M.K.P. for the whole engine 
referred to the L.P. cylindor. 

5 . A triple expansion engine has a L.P. cylinder 57 inches in diameter and a 
piston stroke of 39 inches. The diametor of the L.P. piston rod is 5 inches and 
thore is no tail rod. On trial tho engine developed G45 I.H.P. at 61 revs, per 
min. Calculate the M.E.P. referred to the L.P. cylinder. 

6. The following particulars relate to a compound engine : Diameter of H.P 
cylinder, 28 inches. Diameter of L.P. cylindor, 57 inches. Diameter of H.P. 
piston rod, 6*5 inches. Diameter of L.P. piston rod, 6*25 inches. Stroke of 
pistons, 4 feet. There are no tail rods. Mean clearance volume 6*6 per cent, 
of the mean stroke volume in the case of the H P. cylinder and 6*4 per cent, in 
tho case of the L.P. cylinder. Calculate tho mean stroke volume for each cylinder, 
also the mean clearance volumes. 

7 - During a 7 hours trial of the engine of the precoding exercise the weight 
of steam entering the H.P. cylinder per hour was 16,162 lb. and the drainage from 
tho intermediate roceiver per hour was 297 lb. The engine spoed was 80-5 revs, 
per min. Calculate the cylinder feod per stroke for both cylinders. 

8 . The co-ordinates of points on the moan diagrams for the trial of the com- 
pound engine of exercises 6 and 7 are given in the following table. The points 
are taken in order round the diagram in the clockwise direction. N is tho 
number of the point, p is the absolute pressure in lb. per sq. inch, and (V is the 
distance of tho point in inches from tho left hand end of the diagram. 


DIAMETER OF CYLINDERS IN. 
LENGTH OF STROKE, 16 IN. 
CLEARANCE VOLUME, 8*6 % 
REVS. PER MIN. 100 
ATMOSPHERIC PRESSURE, 
14*7 LB. PER SQ. IN. 



ATMOSPHERIC LINE 

Fig. 347. 



11. P Diagram. 

1 

I. P. Diagram, 

1, ; 

1 | 

H. P. Diagram. 

L P. Diagram. 

N 

P 

rf' 

P | (1 ' 

j N ! 

P 

d ' 

P 

cT 

1 

178 ! 

! 0*00 

31*7 

o-oo 

1 9 

50 

2*78 

3*5 | 

3*29 

2 

170 

0*53 

30 

0-43 

! 10 

45 . 

8*00 

3 

2*64 

3 

160 1 

0*79 

27 

0*85 

! li 

33 , 

3*25 

3 1 

1*65 

4 

160 

0*93 

23 

1 14 

i 12 

35 

2*12 

3 i 

1 00 

5 

135 

1*04 

20 

1-30 

1 13 

35 

082 

4 ! 

0G3 

6 

120 ! 

1*18 

15 

1*73 

14 

50 

0*34 

10 I 

0 17 

7 ! 

90 

1*66 

10 

$3*67 

15 

90 j 

013 

15 1 

006 

8 

, ( 

70 

1*96 

7 

3*02 

10 

160 i 

i 

0*00 

23 

000 


The extreme lengths of the diagrams are : H.P., 3*25 inches ; L.P., 3*29 inches. 
From the above table draw the diagrams to the same pressure scale (say 1 inoh to 
80 lb. per sq. inch) and the same volume scale (say 1 inch to 12 cubic feet) as in 
Pig. 341, p. 299, and add the saturation curves. 

9. Redraw the diagrams of exercise 8 eliminating the cushion steam as 
explained in Art. 214, j>. 298. 
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10. Draw the temperature-entropy diagrams corresponding to the diagrams of 
exeroise 8. 

11. The cylinder diameters of a triple expansion engine are 16, 22, and 
41 inches respectively, and the stroke is 27 inches. Tho following data aro taken 
from the mean indicator cards 


Cylinder 

H.P. 

I.P. 

L.P. 

Area of diagram in sq. inches . 

3*85 

4*3 

4*62 

Length of diagram in inohes . * . 

4*45 

4*4 

4*45 

Scale of indicator spring (lb. per inch) . 

80 

32 

12 


Tho admission pressure at the high-pressure cylinder is 180 lb. per sq. inch 
abs., and tho exhaust pressure from the low-pressure cylinder is 4 lb. per sq. 
inch abs. The cut-off in the high-pressuro cylinder takes place at 70 per cent, of 
the stroke. Calculate the mean effective pressure referred to the low-pressure 
cylinder, and the diagram factor, assuming the expansipn to be hyperbolic. 

[U.L.] 

12. The expansion curve of an indicator diagram is found to have the equation 

2 »u 1,1 = constant; dotermine how much heat has been taken in from the cylinder 
walls per lb. of steam, as the steam expands from tho pressure 100 lb. per sq. inch 
abs. to the pressure 20 lb. per sq. inch abs. ; the steam is known to be dry at the 
higher pressuro. . [O.M.S.T.] 

13. At two points A and B on the expansion curve of an indicator diagram 
from the L.P. cylindcnsT a compound engine the pressures aro 16 and 10 lb. per 
sq. inch abs., respectively, and the dryness fractions were found to bo 0*795 and 
0*815 respectively. Find the amount of heat taken in by tho steam from the 
cylinder, per lb. of steam, between the points A and 14. 



CHAPTER XVI 

CRANK EFFORT DIAGRAMS AND FLY-WHEELS 


219. Crank Effort. — Referring to Fig. 348, if P is the effort on the 
crossliead, Q,the thrust or pull on the connecting rod, is equal to P/cos <f>. 
At the crank pin the force Q produces a thrust or pull on the crank and 
a force T tangential to the path of the crank pin equal to Q sin ( 0 -f- <£). 


Hence, 


T = 


P sin (0 + <f>) 
cos </> 


= P(sin 0 + cos 0 tan $ ). 


If n is the ratio of the length of the connecting rod to the radius of 

the crank, then tan </> = S1U ^ , and therefore 

aJ i»- — sin 2 0 


T = Pjsin0 + 


sin 0 cos 0 \ A . A , sin 20 ) 

- - > = Pjsin 0 4 - h 

aJ w 2 — sin 2 Oj * 2/^2 _ S i ri 2 0 ) 


T is called the crank pin effort, 

Tr, where r is the radius of 
the crank, is called the crank 
effort, but as r is constant, 
it follows that the crank 
effort is proportional to T. 

If C b be made equal to P, 
and bd be drawn parallel 
to AB to meet C d at d. 
where C d is perpendicular 
to the line of stroke, then 

C d _ sin ( d 4 - <f>) 
C b 


The moment or T about C, namely, 



sin (0 + <£) 
sin (90° — <£) cos 


i T sin (0 <j !>) , . C d T _ r . t . 

but ^ = , , therefore 7 - = 1V Hence, since C b is equal to P, C d 

P cos <f> Ob P 1 * 


must be equal to T. The construction for determining the crank effort 
from the piston or crosshead effort is therefore extremely simple. 

220. Crank Effort Diagrams. — The construction of diagrams which 
shall show the crank effort for any position of the crank will be readily 
understood by reference to Fig. 349. In the polar curves of crank effort, 
the effort found by the construction or by the formula of the preceding 
Article is marked off, either on the crank from the centre of thd crank 
shaft, or on the crank produced from the path of the crank pin. The 
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most useful crank effort diagram is the “ rectangular diagram,” in 
which the base is a straight line representing the circumference of tho 
circle described by tho crank pin, and the ordinates, perpendicular to 
that base, represent the crank effort. 

If tho base of the rectangular diagram of crank effort bo made 
equal to the circumference of tho circle described by the crank pin, 
then, friction being neglected, the area of the crank effort diagram for 
one revolution will bo equal to the sum of the areas of the piston effort 
diagrams, but practically all that is to be learned from the rectangular 
crank effort diagram can l>e learned from it whatever be the length 
taken for the base. 

The principal uso of the rectangular crank effort diagram is to show 
the fluctuation of energy, which is discussed in the next Article, and 
for this the length of the base is immaterial. 



The maximum crank effort can evidently be found from either the 
polar or rectangular curves. The maximum crank effort is also the 
maximum torque on tho crank shaft, and this is of great importance in 
designing the shaft. 

If T,„, is the mean effort on tho crank pin and F w is tho mean effort 
on the piston, during one revolution, then, since the work done at the 
crank pin is equal to the work done on the piston in the same time, 
friction being neglected, 

2irrT )A = 2P m x 2 ov T m = - P -^ 

7 r 

When there are two or more cranks on a shaft, the total turning 
effort on the shaft at any instant is the sum of the turning efforts on 
the separate cranks at that instant, and the total effort may be con- 
sidered as acting on any one of the cranks. Hence a diagram of total 
turning effort may be constructed by adding to the ordinates of the 
effort diagram for one crank the corresponding ordinates of the effort 



308 


HEAT ENGINES 


diagrams for the other cranks, corresponding ordinates being those 
which show the efforts on the separate cranks at the same instant. 

Fig. 350 shows the relative positions of 
three cranks on the same shaft, and Fig. 351 
shows how the rectangular crank effort 
diagrams for these three cranks may be com- 2 
bined to give a total turning effort diagram. 

It will be observed in Fig. 351, that in order 
to bring the corresponding ordinates together 
the effort diagrams for cranks No. 2 and 
No. 3 have been moved forward distances 
corresponding to the respective angles which 
these cranks would have to move through to 
overtake No 1 crank. It is obvious that Fig. 350 . 

the crank effort diagrams for the separate 

cranks must be to the same effort scale before they can be combined 
into one effort diagram in the manner shown in Fig. 351. The 
mean total effort is of course equal to the sum of the mean efforts for 
the separate cranks. 




Fig. 351 . 


221. Fluctuation of Energy. — When the direct-acting engine 
mecliauism is used to transmit the work done on a piston to a shaft, 
the turning effort on the shaft is very variable when only one crank 
is used, and when two or more cranks, inclined to one another, and 
connected to different pistons are used, the turning effort on the shaft, 
although much more nearly uniform, is still variable. This want of 
uniformity in the turning effort on the crank shaft is a characteristic 
of all heat engines having reciprocating pistons, and the result of this 
is that, except in the very improbable case in which the moment of 
the resistance to the turning of the shaft varies so that at every instant 
it is equal to the turning moment, the supply of energy to the shaft 
over certain intervals must be greater, while over other intervals the 
supply must be. less than that required by the resistance. 

In most cases in practice the resistance to the rotation of the crank 
shaft of an engine may be considered to be uniform during a complete 
period or cycle, and the resistance reduced to the crank pin may there- 
fore be considered as equal to the mean effort on the crank pin during 
a period or cycle. 



CRANK EFFORT DIAGRAMS AND FLY-WHEELS 309 


Fig. 352 shows a rectangular diagram of crank effort on a base OX, 
representing the path of the crank pin, and the ordinates of the line 
LMN represent the resistance reduced to the crank pin. In the upper 
part of Fig. 352, LMN is a straight line parallel to OX, while in the 
lower part LMN is a curved line. In each case the work done by the 
effort is represented by the area betwoen the effort curve and the base, 
and the work done on the resistance is represented by the area 
between the resistance lino and the base. It will be noticed that the 
points A, B, C, D, E, and F are the points where the effort is equal to 
the resistance. 

Let K denote the kinetic, energy in the moving parts when the crank 
pin is at A, then while the crank pin moves from A to B the work 
done by the effort is greater than that required by the resistance by 
the amount represented by the area a l9 and therefore the kinetic 
energy in the moving parto when the crank pin reaches *B is K + 
Again, while the crank pin moves from B to C the work done by the 



Fig. 352 . 

effort is less than that required by the resistance by the amount 
represented by the area a 2 , and therefore the kinetic energy in the 
moving parts when the crank pin reaches C is K + — «2* Similarly, 

the values of the kinetic energy in the moving parts when the crank pin 
reaches D, E, and F are, K -f- aj — u 2 4- a 3 , K + — a 2 + a z — « 4 , 

and K + rtjL — « 2 + — «4 4- respectively. Between O and X the 

velocity of the crank pin will be a maximum at that point where the 
kinetic energy of the moving parts is greatest, and the velocity will 
be a minimum at that point where the kinetic energy is least. 

The difference between the kinetic energy of the moving parts at 
the points of maximum and minimum speed is called the fluctuation of 
energy. 

The ratio which the fluctuation of energy bears to the work done 
per cycle is called the coefficient of fluctuation of energy. In an 
ordinary steam engine the cycle takes place in one revolution, while in 
an internal combustion engine working on the Otto cycle, the cycle 
•covers two revolutions of the crank shaft. 

Referring to Fig. 352, suppose that OX represents the distance 
travelled by the crank pin during one cycle, and suppose that F is the 
point of maximum speed, and 0 the point of minimum speed. Let 
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the area between the effort curve and the base equal a, then the 
fluctuation of energy is represented by a 3 — a 4 + a 5 , and the coefficient 

of fluctuation of energy is equal to 

222. Fluctuation of Energy in Gas Engines.— In a single-cylinder, 
single-acting gas engine working on the “ Otto cycle,” the operations 
performed during a cycle are as follows : — - 

Fir at Stroke . — The piston moves outwards, and draws in the charge 
of air and gas. This is the charging or suction stroke. 

Second Stroke . — The piston moves inwards and compresses the 
charge. This is the compression stroke. 

Third Stroke . — The compressed charge is ignited, an explosion takes 
place, and the piston is driven outwards by the expansive force of the 
products of combustion. This is the working stroke, * 

Fourth Stroke . — The piston moves inwards and expels the products 
of combustion. This is the exhaust stroke. 

The indicator diagram is shown in Fig. 353, but the suction and 
exhaust pressures are shown exaggerated for the sake of clearness. 
Fig. 354 shows the diagram as continuous on a four-stroke base. 


Exhaust 

stroke. 


Fig. 353. Fig^ 354. 



All the work delivered to the crank shaft during a cycle is 
delivered during the working stroke, and the work done in the cylinder 
during the other strokes comes from the fly-wheel. 

The fluctuation of energy is obtained from the rectangular crank 
effort diagram as in a steam engine, but the diagram must be con- 
structed for a complete cycle. The net work done on the useful 
resistance at the crank shaft and on the friction of the engine is 
represented by the shaded area in the working stroke in Fig. 354, 
minus the shaded areas in the other strokes. The maximum speed of 
the crank shaft is approximately at the end of the working stroke, 
and the minimum speed is approximately at the beginning of that 
stroke. Hence the fluctuation of energy is approximately equal to the 
work done during the working stroke, minus 1-rath of the net-work 
done during a cycle, where n is the numbor of strokes during a cycle. 

If the engine is governed on the “ hit or miss ” principle, the 
governor acts by cutting off the gas, and there is no explosion and no 
effective work done for at least two revolutions after the completion 
of an effective cycle. The complete cycle then takes a number of 
revolutions, which is a simple multiple of two. 

223. Fly-wheels. — The function of a fly-wheel is to reduce the 
fluctuation of speed due to the fluctuation of energy during the period 
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or cycle of the working of a machine. If over an interval the supply 
of energy to a machine is greater than the resistance requires, the 
moving parts increase in speed, and their kinetic energy therefore 
increases by an amount equal to the surplus energy ; and if over 
another interval the supply of energy is less than the resistance 
requires, the moving parts decrease in speed, and their kinetic energy 
therefore decreases by an amount equal to the deficiency in the supply 
of energy. Tn most cases where a lly- wheel is used it is usual to 
neglect the kinetic energy of all the moving parts other than the fly- 
wheel, so that over any interval the difference between the energy 
supplied and the energy required is equal to the change in the kinetic 
energy of the fly-wheel. 

If R is the radius of gyration of the fly-wheel, in feet; v the 
velocity, in feet per second, of a point at a distance li from the axis ; 
<d the angular velocity in radians per second ; N the speed* in revolu- 
tions per minute ; W the weight of the wheel in lb. ; and K its kinetic 
energy in ft.-lb., then 


WV2 


WR* 


k = = ~ry.: = = 


W X 4jt2R2N2 


= MN2, 


2 ij " a 1 %j 25 2 x tiO 2 // 

where M x , M 2 , and M are constants for a given wheel. The kinetic 
energy of a given wheel is therefore equal to the square of the speed, 
in whatever way that speed may be stated, multiplied by a constant, 
and for certain problems this simple rule is useful. 

If J is the moment of inertia of the wheel, in lb. and foot units, 
then T = WR 2 , and from this and the foregoing formula* the following 

I?; 2 r&» 2 2?r2IN2 

formula? are readily deduced, namely, K == = 9g = (jQ2^ • 

Tt will be useful to note that for a fly-wheel rim of rectangular 

_j_ ^ 2 

section the square of the radius of gyration is where r x and r 2 

(Fig. 355) are the outside and inside radii respectively. 

Also, the volume of the rim is 7 r(r A 2 — r 2 2 )if>, where h is 
the breadth of the rim. 

If during a period or cycle of the working of a machine 
the minimum and maximum speeds of the fly-wheel are 
Nj and N 2 revolutions per minute respectively, then the 

fluctuation of energy is^^Ng 2 — N^^. 

The difference between the maximum and minimum 
speeds is called the fluctuation of speed, and the ratio of the fluctuation of 
speed to the mean speed is called the coefficient of fluctuation of speed. 
If N is the mean speed in revolutions per minute, and c is the coefficient 

N — N 

of fluctuation of speed, then c = — - — 1 . It is usual to assume that 

the mean speed is the arithmetical mean of the maximum and minimum 
speeds, so that 2N = N a + N 1# Tie nee 

N 2 2 - N x 2 = (N 2 + N x )(N 2 - N x ) = 2cN* 

If U denotes the work done per period or cycle in ft.-lb., and h 



Fig. 355. 
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denotes the coefficient of fluctuation of energy, then the fluctuation of 
. ITT , - TT 47t2WR2cN2 4tt2TcN2 
energy is 4U, and *U = ; 

If H is the horse-power of an engine, then the work per revolution 
is — ^ , where N is the speed in revolutions per minute. 

The following are some values of c, the coefficient of fluctuation of 
speed found in practice : - - 


Pumps, and shearing and punching machines .... 0*05 to 0*03 

Flour-mills .......... 0*04 to 0*03 

Looms, paper-making machines, and ordinary machine tools . 0*03 to 0025 

Spinning machinery 0*02 to 0*01 

Dynamos 0007 


224. Construction of Ply-wheels.— High-speed engines, that is, 
quick revolution engines, have fly-wheels of comparatively small 
diameter and are generally of the form shown in Fig. 356 or of the 
form shown in Fig. 357. The part D connecting the rim It and boss 
B or central flat L is solid and is either flat as in Fig. 356 or conical 



Fig. 35G. Fig. 357. Fig. 358. Fig. 35‘J. Fig. 360. 


as in Fig. 357. The conical design enables the centre of gravity of the 
wheel to be placed nearer to the adjoining shaft bearing. When the 
wheel has a boss as in Fig. 356 it is bored to give a force fit on 
the shaft and is further secured by the key K. The wheel shown in 
Fig. 357 has no boss but is provided with a flat central portion L 
which is clamped between the flanges F of the coupling on the end of 
the crank shaft and is bored to fit the spigots S on the flanges, as 
shown, in order more readily to ensure the true running of the wheel. 
The recessed teeth T in the rim are for barring the engine round when 
necessary when not under steam. 

Ordinary fly-wheels cast in one piece and having arms have generally 
the form shown in the section Fig. 359. The arms are either straight 
in side elevation as in Fig. 360 or curved as in Fig. 358. The curved 
arms being slightly flexible in the radial direction help to relieve the 
wheel of initial stresses due to unequal contraction in cooling in the 
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mould. The arms are generally of elliptical cross section as shown 
at X. 

In an American design of fly-wheel, due to Mr. G. M. Hinkley, 
the stresses due to unequal shrinkage in cooling are to a large extent 
eliminated. A section of a Hinkley fly-wheel 9 feet in diameter is 
given in Fig. 361. The arms are more numerous than usual, twelve in 
this example, and they are inclined to the central plane of the wheel, 
passing from one side of the rim to the opposite end of the hub, 
alternate arms being zigzaged as shown. As first cast there is a gap 



Fig. 361. — Hinkley’s fly-wheel. 


in the hub at AA. After the wheel has completely cooled this gap is 
filled by pouring in molten iron. In the original mould the gap at 
AA is § inch wide, but the shrinkage of the rim compresses the arms 
and increases the gap to 1^ inches. After filling the gap the two parts 
of the hub are bound together by six - inch bolts and nuts, the points 
of the bolts being riveted over. Numerous wheels of this design have 
been run successfully at a rim speed of 10,000 feet per minute, which 
is nearly double that usually considered as a safe maximum spoed for 
cast-iron wheels. 

A common way of avoiding shrinkage stresses in wheels cast in one 
piece is to cast the wheel with narrow gaps A in the nave (Fig. 362). 
These gaps are afterwards machined and strips fitted into them and the 
whole nave is made sound by shrinking on steel hoops H. 




Fig. 363. 



For convenience in casting and of transportation large fly-wheels, 
say those over 10 feet in diameter, are generally cast in two or more 
parts which are afterwards joined together in various ways. Usually 
each part consists of a portion of the rim, one or more arms and a 
portion of the nave. In some very large wheels the arms are cast 
separately. 

Fig. 363 shows one form of four-part joint at the nave of a large 
wheel. It will be seen that eight bolts are used, four on each 
side. Sometimes the parts of the nave are bound together by two 
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steel hoops as in Fig. 362, without bolts, and sometimes both bolts and 
hoops are used. 

Figs. 364 to 367 show various ways of uniting the rim segments 
together. In Fig. 364 a dowel D and cotters C are used. In Fig. 365 
links L, expanded by heating, are let into recesses prepared for them, 
and on cooling, contract and bind the segments of the rim firmly 
together. A similar mothod is used in Fig. 366. 



Fig. 366. Fig. 367. 


An additional fastening in the form of flanges and bolts is shown 
in Fig. 366. Flange and bolt joints by themselves arc not recom- 
mended for deep rims such as are shown in Figs. 364, 365, and 366, 
but for wide rims such as are shown in Fig. 367 they are the most 
suitable. 


The portion of the rim of a wheel between two adjacent arms is 
approximately in the condition of a beam fixed at the ends and loaded 
uniformly, the load being due to centrifugal force, ff the beam is of 
uniform cross section the maximum bending moment occurs at the 
centre of such a beam and at the ends, there being no bending moment 
at the points which are at 21 per cent, of the span from either end. 
These points at which there is no bending moment are therefore the 
best at which to place joints such as those shown in Figs. 364 to 367. 
The bending moments on the rim at the arms and midway between 
them are of opposite sign. 


Fig. 368 shows a part of a 
fly-wheel having bolted joints 
in the rim at the arms and mid- 
way between the arms, and the 
way in which these joints would 
yield is indicated. An examin- 
ation of this illustration shows 



Fig. 368. 


that in the joint at A between the arms the bolts should be as near as 
possible to the roots of the flanges. Also, it will appear that the 
joints at the arms are well designed to resist the bending action 
and that the bolts 1> should be as far as possible from the outside of 
the rim. It is not usual to have joints in the rim between the arms 
when there are joints at the arms. 
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Arms which are cast separate from the nave are frequently con- 
nected to the latter in the manner shown in Fig. 369. The inner end 
of each arm is turned slightly tapered and fits into a socket on the 
nave 1o which it is secured by a cotter as shown. An American 



design is shown in Fig. 370. The hub is in two parts which are bolted 
together, clamping between them the inner ends of the arms. There 
are three bolts to each arm and these pass through the arm and the 
two parts of the hub as shown. 


Exercises XVI 

1. Calculate the oflort on the crank pin when the crank is 45 r from the inner 
dead centre and the effort on the piston is 5000 lb. Take the length of the 
connecting rod as five times the crank radius. 

2. What must- he the effort on the piston when the offort on the crank pin is 
5000 lb. and the crank is 30° from the inner dead centre ? Length of connecting 
rod equals five timos crank radius. 

3. The following particulars relafco to a single-cylinder double-acting steam 
engine. Length of stroke, 2 feet. Length of connecting rod, 4 feet 6 inches. 
Clearance volume at each ond of cylinder, 10 per cent, of volume swept through 
by piston in one stroke. Initial pressure of steam in cylinder, 80 lb. per square 
inch, absolute. Cut off at quarter stroke. Back pressuro, 16 lb. per square 
inch, absolute. Assume that the steam expands after cut off according to 
Boyle’s law. 

(a) Construct the polar and rectangular diagrams of crank effort. 

(b) Determine the coefficient of fluctuation of energy. 

( c ) Calculate the crank pin effort, per square inch of piston, for the point of 
cut off in the forward and also in the return stroke. 

4. A two-cylinder engine has two cranks at right angles to one another. The 
particulars of the cylinders, piston effort, cranks and connecting rods are the 
same as for the engine of the preceding exercise. Construct the rectangular 
diagram of combined crank effort for this two-cylinder engine and determine the 
coefficient of fluctuation of enorgy. 

5. The piston effort diagrams of a large triple-expansion marine engine are 
given in Fig. 371 and the relative positions of the crauks are shown in Fig. 372. 
The given effort diagrams show the effective effort at the crossheads after correc- 
tions for back pressure, weight and inertia of reciprocating parts, and unoqual 
areas of pistons. There are four cylinders, one high pressure, ono intermediate 
pressure, and two low pressure, and the diagrams and cranks for these are 
numbered l f 2, 3, and 4 respectively. All the cranks have the same radius and 
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the length of each connecting rod is four times the crank radius. The angles 
between the cranks are multiples of l-7th of 360°. 



Fig. 371. 


Fig. 372. 


I 


Redraw the piston effort diagrams at least twice the size of Fig. 371 and 
construct the crank effort diagram for each crank, thon draw the combined 
crank effort diagram. It will bo found convenient to determine the effort at 
crank positions which are 
at intervals of 1-1 4th of 
360° as indicated in Fig. 

372. 26 

6. The indicator dia- ^ 

gram of a horizontal gas g 

engine is given in Fig. 373. g 

The engine works on the 3 

Otto cycle and there is an ® 

explosion every two revo- • 

lutions. There is one m 

cylinder, 7 inches in dia- & 

meter, the piston stroke is “ 

15 inches, and the length g 

of the connecting rod is ^ 

40 inches. The rocipro- fl- 

oating parts weigh 64J lb , 
and the mean speed of the g 100 

crank shaft is 170 revolu- M 

tions per minute. « 

Draw the rectangular 3 

crank effort diagrams and 3 

determine tho coefficient § 

of fluctuation of energy, 

(a) neglecting the inertia 
of the reciprocating parts, 
and, (5) taking the inertia 

of the reciprocating parts AB atmospheric line. 

into account . 1 

In reproducing the in- * IG - 8 * 8 - 

dicator diagram the ordi- 

nafces should be made to, say, double the scale of Fig. 373. 


See the Author’s Applied Mechanics , Chap. XVI 11. 
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7. The cross section of a cast iron fly-wheel is a rectangle 9 inches wide and 
12 inches deep. What is tho greatest outside diameter this rim can have if the 
safe linear velocity of the outer surface is limited to 100 feet per second and the 
maximum angular velocity is 250 revolutions per minute ? 

Taking the weight of cast iron as 450 lb. per cubic foot, calculate the kinetic 
energy of this rim, in ft. -lb., when it is running at its maximum speed. Also 
calculate the speed in revolutions per minute after the kinetic energy at the 
maximum speed has been reduced by 60,000 ft.— lb. 

8. A fly-wheel weighing 10,000 lb. has a radius of gyration of 3*5 feet and is 
running at 200 revolutions per minute. What constant tangential force acting 
at the circumference of the wheel, which has a radius of 4*5 feet, will be required 
to bring it to rest in 5 revolutions ? 

9. The fly-wheel of a rolling mill engine is observed to change its speed from 

100 revolutions per minute to 70 revolutions per minute in 5 seconds when a 
billet is passed into the rolls. The moment of inertia of the fly-wheel is equiva- 
lent to 30 tons at a radius of 10 feet. Find the average torque exerted on the 
crank shaft due to the energy drawn from tho lly-wheet. . [B.E.J 

10. An engine of 300 horse-power has a mean speed of 160 revolutions per 
minute. The fluctuation of enorgy is l-10th of the work done by the engine in 
one revolution. Taking the radius of gyration of the fly-whccl to be 3 feet, find 
its weight in order that tho fluctuation of speed may not exceed 2 per cent, of the 
mean speed. 

11. A gas onginc working on tho Otto cyclo is governed by cutting out a 

charge from time to time^ It iB provided with two fly-wheels, the radius of 
gyration of each being n/ 3'5 feet. In designing the engine the following, among 
other, particulars were used : — Diameter of cylinder, 8 inches ; stroke, 10 inches ; 
revolutions per minute, 250 ; estimated mean pressures above tho atmosphere — 
duriug working stroke 90, during compression stroke 20 pounds per square inch ; 
maximum cyclical variation of speed at full load 2 per confc. Calculate the 
approximate weight of each wheel. Estimate also the cyclical variation of speed 
when there is an explosion once every eight strokes. [U.L.] 

12. Determine the approximate moments of inertia and the weights of the 
rims for the fly-wheels of two single acting Otto cycle gas engines, one governing 
by throttling and the other by cutting out tho gas supply. 

Each engine has to develop 50 indicated horsc-powor at normal load, and the 
cyclic irregularity is not to excoed 1/50. Mean diameter of fly-wheel rim 6 feet, 
and revolutions per minute 180. In the throttle governing engine the explosions 
are 90, and in the cut-out governing engine 85 per minute. 

Assume in each case that the work done on the gases by the piston during 
compression is 0*35 of the net work done per explosion. [U.L.] 

13- In the turning moment diagram for one revolution of a steam engine the 
f areas above and below tho curve of resistance, taken in order, are + 0*53, — 0*33, 
•f 0*38, - 0*47, -f 0*18, — 0*36, + 0*35, and - 0*28 square inch. 

The scales of the diagram are 

Turning moment, 1 inch = 8000 lb.— ft- 
Crank angle, 1 inch — 60°. 

The mean revolutions per minute are 150, and tho total fluctuation of speed 
must not exceed 8 per cent, of the mean. Determine a suitable cross-sectional 
area of the rim of the fly-wheel, assuming the total energy of the fly-wheel to be 
16/16 that of the rim. Tho peripheral velocity of the fly-wheel is to be 50 feet 
per second. Take the weight of the material as 0*25 pound per cubio inch. 

LU.LJ 
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225. Function of a Governor. — The function of a governor is to 
regulate the moan speed of a machine or prime mover, or to keep the 
mean speed within certain limits, the limits of variation depending on 
the nature of the work which the machine or prime mover has to do. 
The limits of variation of mean speed will also depend on the sensitive- 
ness of the governor used. 

The function of the governor differs from that of the fly-wheel. The 
fly-wheel limits the variation of speed, during a cycle, which may he 
performed during a fraction of a revolution or during several revolu- 
tions, but the function of the fly-wheel is not to regulate the speed 
when a permanent change takes place in the load, or when the change 
in the load lasts for more than a cycle of operations of the machine, or 
prime mover ; this is the function of the governor, which should regulate 
the supply of power to the demand. For example, in a steam-engine 
the fly-wheel controls the variation of speed due to the difference 
between the effort on the crank pin and the resistance at the crank 
pin due to the load when the work done by the effort, during a cycle, 
is equal to the work done on the resistance. 

A change in the average resistance should be accompanied or 
followed as soon as possible by a corresponding change in the average 
effort which is effected by the governor altering the point of cut off, or 
altering the initial pressure by operating a throttle valvo. The governor 
of a reciprocating steam engine can only act during the period of ad- 
mission of steam to the cylinder, and if a permanent change in the 
load occurs between 


the periods of ad- 
mission, the fly- 
wheel exerts a con- 
trolling influence on 
the speed until the 
governor can act. 

226. Revolving 
Pendulum.— In its 
simplest form the 
revolving pendulum 
consists of a small 



Fig. 374. Fig. 375 . Fig. 376 . 


body A revolving about a vertical axis OY, and suspended from a 
point B by a thread or slender rod. In Fig. 374 the point B is on 
the axis OY, while in Figs. 375 and 376, B is at some fixed distance 

818 * 
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from OY. When B is outside OY it rotates about OY with the same 
singular velocity as A by being on an arm fixed to a rotating spindle, 
of which OY is the axis. If AB is a rod, there is a joint at B which 
permits of the free angular movement of AP> about B in the plane 
AOY. 

As A revolves at a steady speed, AB describes the surface of a cone 
whose vertex is at O, where AB intersects OY, whose height is It , and 
whose base has a radius r. The forces acting on A in the plane AOY 
are, its weight W, the centrifugal force F, and the tension T in AB, 
and for steady motion these must balance one another. Hence, taking 

moments about O, Vh = Wr. But F = ’ where o> is the angular 

0 

velocity of A about OY, therefore w r / = Wr, and h = ^ 

(J 

If g is in feet per second per second, and w is in radians per second, 
then h is in foot. If A makes n revolutions per second, or N revolutions 

, , <] 60 2 */ 
per minute, then h = ^ =• 

227. The Simple Conical Pendulum Governor. — One of the earliest 
forms of the simple conical pendulum governor, as applied to a steam 



engine, is shown in Fig. 377. ABC and A'lVC' are the arms, jointed 
togethor and to the vertical spindle HK at BIV. Links CD and C'D' 
connect the arms to the sleeve E, which, while it rotates with the spindle 
HK, can slide up or down on it when the balls A and A' fall or rise 
with changes of speed. The sleeve E has a groove turned on it to receive 
the forked end of a lever, through which, and through other levers and 
links if necessary, the sliding motion of the sleeve is transmitted and 
converted into the motion of the throttle valve. The vertical spindle HK 
is driven by the engine which the governor has to control. To reduce 
the strain on the joint at BB' caused by the inertia of the balls when 
the angular velocity of the spindle changes, the arms AB and A'B' 
work in slots in the curved arms ML and MN, which are fixed to the 
spindle at M. 

A later and more common form of the simple governor is that shown 
in Fig. 378, and to Ihis the description just given will apply, except 
that the arms ML and MN are dispensed with, and the sleeve £ is 
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driven by a key on the spindle HK, which, however, does not interfere 
with the vertical sliding of the sleeve on the spindle. 

A modification of the design shown in Fig. 378, which makes the 
governor more sensitive, is that in which the axes of the joints at B 
and B' are made to coincide and intersect the axis of the vertical spindle, 
as in Fig. 377. A still more sensitive form is that shown in Fig. 379, 
which is known as a crossed arm governor. The three designs shown in 
Figs. 377, 378, and 379 correspond to the three forms of the simple 
conical pendulum shown in Figs. 374, 375, and 376, p. 318. 

Neglecting friction and the effects of the mass of the arms and 
sleeve, the formulae connecting the speed with the height h for the 
governors described in this Article are the same as for the simple conical 
pendulum, namely, 

, _ 0 _ <1 _ 602 g 

w 2 47r 2 a 2 47r 2 N 2 

The following results are useful in connection with calculations on 
governors : — 

g = 32*2. Jg = 56745. 

. //„ = 0-9031. 6 .° 2 f = 2936 3. 

V 4ir2 4 tt2 

* 228. Loaded Governors. — The simple governor is improved, par- 

ticularly as regards its power of overcoming frictional resistances, by 
adding a central weight, which increases 
the downward pull on the revolving 
balls without increasing their centri- 
fugal force. Fig. 380 shows a simple 
form of loaded governor. The central 
weight or load W is in the form of 
a disc with a central boss, which 
corresponds to the sleeve E in the 
illustrations of the preceding Article. 

The masses at the lower ends of the 
revolving arms, or pendulum weights, 
are in this case in the form of rollers, 
upon which the disc part of the central 
load rests, there being slots in the disc 
through which the revolving arms pass, as shown. 

Let W equal the total weight of the central load, and w the weight 
of each of the pendulum weights. The centrifugal force F of each 

pendulum weight is equal to W — ’, and the downward pull on each of 
w 9 

these weights is — + 10 , hence, taking moments about the point of 
suspension of the arms, 

(Y + w )- = ¥h = therefore, ft = 
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Comparing this with the corresponding result for the simple governor, 
it is seen that for the same speed the height of this loaded governor is 
greater than that of the simple governor in the ratio of W -j- 2w : 2w. 

More frequently the central load is suspended from the pendulum 
weights by links, as in Fig. 381, which shows the 
Porter governor , so called from the name of its 
inventor. f\ • 

To determine the relation between the height / I, 1 

and speed in the Porter governor, consider the -/v - ^ 

diagram Fig. 381. Let W equal the total weight |//* \ ] 

of the central load, and w the weight of each re- 1 £ 

volving ball. The central load will cause a tension 

W iVrV-Ji 

in each suspension link equal to - - - — - . This v x 1 ^, n 

2 008 6 lb 

tension may be resolved at the centre of each ball T \ \ i n 

\V . cV ! ! 

into a vertical component — , and a horizontal com- 

W 

ponent Q equal to — tan 6. Taking moments ^ IG - 381 

about B, the point of suspension of the pendulum arms, 

/W \ W n vauMi 

( ~~y~ + w ) r + A tan 0 ~ 1 h = 

/W \ Wkqr wufirh 
Let tan 0 = , then 1 - + w )r + / = - — 

h ft V 2 ' 2 ft a 



When the pendulum arms and the Fig. 882. Fig. 383. 
suspension links are of equal length, and 

the axes of the joints at B and C either intersect the main axis 
(Fig. 382) or are at equal distances from that axis (Fig. 383). then q is 
equal to 1. In other cases, the value of q is best found by measuring 
r and on a diagram to scale. It should be noted that when q is 
not equal to 1, its value alters as the height h changes. 

229. Effect of Friction on Governors.— The frictional resistances 
of the various joints of the governor itself, and of the gear which the 
governor has to operate, may be reduced to a single force R actipg on 
the sleeve in a direction opposite to that of its motion. When the 
sleeve is rising, and the speed of the governor therefore increasing, R 
will act downwards, and in a loaded governor this will be equivalent 
to altering the central load from W to W + R. Again, when the 
sleeve is descending R will act upwards, and this will be equivalent 



322 


HEAT ENGINES 


to altering the central load from W to W — R. Hence for a loaded 

W “I - .p d'/p ft 

governor of the type shown in Fig. 380, h = “ ^ the 

plus (-+-) sign being used for increasing speed, and the minus ( — ) sign 
for decreasing speed. 


For the Porter governor, h = 


4(W_± ll)( 1+ q)+jv 

in 


~~ and when 

(D* 


3 = 


M = 


W ± R + w 
10 


Jf 

0)2 


The formula? just given for the Porter governor will also apply to 
the simple governor when the upper joints of the suspension links are 
at the centres of the pendulum weights, but 
W will then be the weight of the sleeve. 

If the suspension links are jointed to the 
pendulum arms, as shown in Fig. 384, then 

W ± R must be changed to (W ± K) 

The reason for the foregoing statement will 
be oln ious from the following considerations. 

Draw AC parallel to A'C'. Let T' be the 
tension in the suspension link when it is at 
A'C', and let T be the tension in that link 
when it is transferred to AC. Then since 
the moment of T about J5 has to balance 
the moments of F and w about 15, also since the moment of T about 
13 has to balance the moments of F and w about 15, it follows that T # a 

must be equal to 17, or T = hence W ± R at C' must become 

v 



(W ± R)| at C. 

If the speed of a governor and the lift of the sleeve, or the lift of 
the pendulum weights, he plotted, (1) neglecting friction, and (2) taking 
the friction into account, instructive curves, such as are shown in Fig. 
385, are obtained. HK is^the lift of the sleeve. When the sleeve is 
at Y the speed, say in ,v revolutions per 
minute, is YL when friction is neglected, 

YL X when friction is considered and the 
sleeve is descending, and YL 2 when friction 
is considered and the sleeve is ascending. 

Preferably the speeds are measured from a 
vertical axis some distance to the left of 
HK in order that a larger scale may be 
used for the speeds, and so cause the points L x , L, and L 2 to be 
further apart. The abscissae and ordinates of the curve ALB represent 
the speed and lift respectively when friction is neglected. The 
abscissae and ordinates of the curve A 1 L 1 Bj represent the speed and 
lift respectively when friction is considered and the sleeve is de- 
scending. Lastly, the abscissae and ordinates of the curve A 2 L 2 B 2 
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represent the speed and lift respectively when friction is considered 
and the sleeve is ascending. 

230. Graphics of Forces Acting on a Governor. — The relations 
between the various forces acting on a governor are readily determined 
graphically and the graphical solution of many governor problems is to 
be preferred to the analytical. 

As an example of the graphical method take the case of the Poi*ter 
governor. The outline of one half of such a governor is shown in Fig, 
386. The forces acting at the centre of the revolving ball are its 
weight in, the centrifugal force F, and the tensions in the upper and 
lower links. Neglecting friction, the vertical component of the tension 
in the lower link is equal to half the central load W, hence, if the right- 
angled triangle ABC (Fig. 387) be drawn, AJ5 being vertical and made 
equal to .^YV to a selected scale, and BC parallel to the lower link, then 
BO will represent the tension in the lower link. The polygon of 
forces 0 1) FIB for the forces acting on the ball may now be drawn, BE 
being vertical and equal to w , CD parallel to the upper link and ED 



Fig. 380. Fig. 387. Fig. 383. 


horizontal. If W and w are known, then, by the above construction, 
the centrifugal force F, for any given configuration of the governor, 
may be found and from the force F the speed may be determined 

wtifir wrt 7rN\ 2 
since l = - = ( ) . 

<J <J v d0 / 

Hence to = \ f — and N = * , r of course being measured 

v wr 7T v trr’ & 


from the drawing giving the configuration of the governor. 

Tho effect of friction, represented for the whole governor by a force 
R at the sloeve, is allowed for as shown in Fig. 388. Fj is the 

centrifugal force when the sleeve is descending and F 2 is the centri- 
fugal force when the sleeve is ascending at the time when the 

configuration of the governor is as shown in Fig. 386. 

As another example, a governor in which the links carrying the 
sleeve are jointed to the ball arms at intermediate points, as in Fig 
389, may be taken. First neglecting friction, BC (Fig. 390) the 
tension in each suspension link is determined as in the previous 
example. Next replace the pull on the arm through the suspension 
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link, by a force P parallel to the link, acting at the centre of the hall 
and having a magnitude BC' equal 


. « 

t0 r 


BC. A construction for 


finding C' is shown. 

On a straight line 
through B make BII = l 
and BK = a. Join TIC 
and draw KC' parallel 
to HC. BEDC' the 
polygon of forces acting 
at the centre of the ball 
may now be drawn and 
V the centrifugal force 
determined. 

The constructions 
when friction is con- 
sidered arc clearly 
shown in Fig. 390. 

The simplicity of 
the graphic method is 
further illustrated by its application to the Proell governor, shown 
in Fig. 391, which resembles the governor of the preceding 
example inverted The tension in the upper link is such that its 

W 

vertical component is equal to -+■ w, whore as before YV is the central 



Hence, if the right-angled triangle 


2 

load and w the weight of one ball. 

AEC (Fig. 392) be drawn, AE 
being vertical and equal to 
W 

-jr + w, and EC parallel to the 

upper link, then EC is the ten- 
sion in the link. As in the pre- 
ceding example the force exerted 
through the link on the ball arm 
is replaced by a force P acting at 
the centre of the ball and parallel 
to the link. The magnitude of P 

is equal to EC' = EC x It 

t 

will be observed that the length 
a varies with the configuration 
of the governor on account of the bent form of the ball arm. The 
polygon of forces now acting at the centre of the ball is completed by 
drawing BD horizontal and C 1 !) parallel to the line joining the centre 
of the ball and the centre of the bottom joint of the ball arm. 

Friction is readily allowed for as in the preceding example. 

231. Effect of Masses of Revolving Arms and Links. — In the 
preceding Articles the effect on the equilibrium of a governor of the 
masses of its revolving arms and links has been neglected, but in 
practical cases these masses must be taken into account. 
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A rough rule often used is to add to the weight of each ball one 
half the weight of any arras or links connected to it and then proceed 
with the ball whose weight has been so increased, as when the masses 
of the arms and links aro neglected. 

A more accurate rule is to take the effective weight of the ball as 
its own weight plus one half the weight of the arms and links con- 
nected directly to it when considering the gravity effect of the hall , but to 
take the weight of the ball as its own weight plus one third of the 
weight of the arms and links connected directly to it when considering 
the centrifugal force and speed of the ball . The arms and links are 
assumed to be approximately uniform in cross section. 

When there is a central load, as in a Porter governor, one half of 
the weight of the links connected to it should be added to the central 
load. 

It may be pointed out here that the resultant centrifugal force of 
an arm or link is not the centrifugal force of its mass, supposed con- 
centrated at its centre of gravity. This 
is only true for a body whjch may be 
divided into a number of thin plates 
the centres of gravity of which all lie 
on a line parallel to the axis of revo- 
lution. 1 

The case of an arm or link whose 
cross section is nob uniform nmy be 
treated as follows. Divide the arm 
AB (Fig. 393) into a number of parts 
by parallel sections and compute their 
weights uj v w 2 , etc. Assume that the 
weights w w 2 , etc., and the centrifugal forces F 1 , F 2 , etc., of these 
parts act through the points on the axis of the arm which are midway 
between the parallel sections. YY is the axis about which the arm 
revolves and w is the angular velocity of the arm about YY. 

F x = ~ \ * 2 = “— > and so on. 

Let uf bo the weight which, concentrated at the centre of the ball, 
will have the same centrifugal effect F' as that of the arm. 

Taking moments about the axis of the pin at the end B of the arm, 

f iyi + *V/2 + etc - 

mi p W 1 ufia: Wnufifn 

Therefore, — y = — - -j — ~ - -// 2 + etc. 

*f 0 *f 

Hence, = 'Wh+JVtS* + 

ay 

The value of u/ varies with the inclination of the arm, and there- 
fore in determining its value the arm should bo placed in its mean 
position. 

1 See the Author’s “ Applied Mechanics, ” p. 20. 


-ItHY 
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Let w" be the weight which concentrated at the centre of the ball 
will have the same gravity effect as that of the arm. 

Taking moments about the axis of the pin, 

w'(x — c) = , /r 1 (a: 1 — c) + ^ 2(^2 ~ r ) + °^ c * 

Hence, w" = ^ ~ c) + ~A + et H: 

X — c 

232. Controlling Force. — Wien a governor is running steadily in 
a definite position or with a definite configuration the forces acting on 
it are in equilibrium. Considering one revolving ball the centrifugal 
force on this ball tends to make it move further out while other forces 
which may be due to gravity or the action of springs tend to move the 
hall inwards. If all the forces which tend to move the ball inwards 
be replaced by a single equivalent force, acting on the ball in an 
inward radial direction, this force is called the controlling force on the ball. 

At a steady speed the controlling force is equal in magnitude but 
opposite in direction to the centrifugal force. r lhe controlling force is 
different for different configurations of the governor and it may he 
determined by the principles of statics as explained in preceding 
Articles, or it may be found experimentally by measuring the outward 
radial forces necessary at the balls to produce equilibrium for any 
given configuration, the controlling forces being equal and opposite to 
these. There are of course two extreme values of the controlling 
force for any given configuration of the governor, when friction is 
considered, one for the ease where tho given configuration is reached 
by the movement of tho sleeve in one direction and the other where it 
is reached by the movement of the sleeve in the other direction. The 
actual controlling force when the governor is working may not be the 
same as when it is at rest because the friction of the various joints 
when in motion is generally less than when they are at rest. 

233. Sensitiveness of Governors. —The greater the change in the 
level of the revolving balls of a governor for a gi\en percentage or 
fractional change in speed the greater is its sensitiveness, and the 
sensitiveness may be defined as the change in level of the revolving 
balls, due to a change of speed of, say, 1 per cent. 

Consider the case where the axis of the top joint intersects the 
main axis (Figs. 377 , 380 , 381 , and 382 and let the friction be 
neglected. In this case the change in the level of the, revolving balls 
is the same as the change in the height h of the governor. If n is tho 
speed of the governor in revolutions per second when the height is //, 
then for the simple governor and also for the loaded governor h and n 

fj 

are connected by an equation of the form li = 2 , where c is a constant 

depending on the type of governor and the various weights. Also, 
when friction is considered, c has one value for increasing speeds, and 
another value for decreasing speeds. Let the speed increase from n to 
xn . (If the increase in speed is 1 per cent., x = 1*01.) The height h 
will decrease to // a 

where h x = Hence, h — h ± = A/i = h — ^ = h( - - .. 

1 &2 W 2 x % x x* \ x l J 
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This shows that the sensitiveness of the governor is directly pro- 
portional to the height h , and it follows from this investigation that 
the sensitiveness of the loaded governor is the same as that of the simple 
governor when f riction is neglected . 

Many writers of note state that, friction being neglected, the 
loaded governor is more sensitive than the unloaded governor, and it 
is therefore necessary that this point should be considered more fully. 
Take a simple governor in which the revolving balls each have a 
weight w , and let this governor be converted into a loaded governor, 
say of the Porter type, by adding a central load of weight W, and for 
simplicity let the factor q (Art. 228; equal 1 ; then for the unloaded 


governor h = and for the loaded governor h — 

47 


W + w 


. I 

W 4tT 2 M 2 

Now if these governors are run at the same speed, the height of the 

W + ic 

loaded governor will be times the height of the unloaded 

w 

governor, and under these circumstances the loaded governor would 

W + w 

be - times as sensitive as the unloaded governor: but what 

w 

really happens in practice is that when the simple governor is replaced 
by a loaded governor the height h is about the samo for both, and 

/W w 

consequently the loadod governor is run about ^ 

fast as the unloaded governor, and the one governor is then no more 
sensitive than the other when friction is neglected. 

Consider now the ellbct of friction on the sensitiveness of the 
governor. For the Porter governor, in its simplest form, it has been 

shown that /t 2 = - ^ - , where R is the force required at 

W 47 fih 

the sleeve to overcome the friction of the governor and the gear which 
it has to operate. For a given value of h there are evidently two 
values of w, namely, 


times as 


»i = sj 


W — K + w g 


w 


47 r 2 /i 


, /W +R+w g 

’ andM * = V — 4 Sfc- 


Referring to the diagram Fig. 385, if is represented by the point 
Lj, then #i 2 is represented by the point r, 2 . If the sleeve is at the 
level V, it must have roached that level either by falling from a higher 
level, or by rising from a lower level. Suppose that the sleeve reached 
the level Y by falling from a higher level, due to a diminution in 
speed, then its speed must be n v Now suppose that the speed 
diminishes still further, the sleeve will again fall, but the friction will 
not affect the sensitiveness of the governor; the sensitiveness will be 
simply proportional to h, as has already been shown. Next, suppose 
that instead of the speed diminishing to less than n A it begins to 
increase after coming down to w 1 , then there can be no change in the 
level of the sleeve until the speed has increased to w 2 . If after the 
speed has increased to w 2 it goes on increasing, the sleeve will continue 
to rise, and the sensitiveness will again he unaffected by the friction* 
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If u is the mean speed = £( 7 ^ + w 2 ), and represented by the point 

L (Fig. 385), then is the coefficient of fluctuation of speed of 

the governor when the direction of the motion of the sleeve is reversed , 
and the smaller this coefficient is, the more sensitive is the governor. 

The value of the expression - — for a Porter governor of the 

simplest form is found as follows : — 


/W + It 4- w . <J 
w 2 “ V w 4 


n i = v 


/ w — it +- w ^ 


4t r*h 


, and 


n 

n = \/ 


V -f w II / scc f 0() t no te\ hence 

w 47 T-h v 

J!a~ 11 1 - _ V w_+ it + 11 - Vw - it +'»' 




1 + 


Vw + w 
K 


W + to 


- V 1 - 


It 

W -f w 


R 


+ - decreases, and the term 

\V + w 


If W be increased, the term \J 1 

V i — increases, therefore the value of — %l decreases as 

W-fw n 

W increases. Hence, considering the effect of friction on a loaded 
governor, the sensitiveness is greater the heavier the central load, and 
consequently the loaded governor is moro sensitive than the unloaded 
governor when the pendulum weights are the same in both. l>ut the 
unloaded governor may be made as sensitive as the loaded govern 01 
by increasing the pendulum weights. Let w\ = weight of each ball of 
a simple or unloaded governor, w =■ weight of each ball of a loaded 
governor, and W = weight of central load. Then for the unloaded 
governor W = 0, and 

" 2 “ *» = */l + J* - yf 1 _ ^ 

n V W, V Wy 

For the loaded governor 

- /1 J H A H 

-- - - V + \v -f" w V w t w 

Hence if — -~ l is the same for both governors, w 1 = W + to. 


The sensitiveness of a governor is defined by numerous writers as 
the ratio of the difference between the maximum and minimum speeds 
between which the governor works to the mean speed, and is given by 

Note. — The mean of the rising and falling speeds for a given level of sleeve, 
and for a given value of R, is not quite the samo as the speed for the same level 
when R = 0, but as R is generally small compared with W + w, the error intro- 
duced by taking n as above may be neglected. 
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the expression 



where Nj is the maximum speed, N 2 the 


minimum speed, and N the mean speed. 

234. Stability of a Governor.— Tf for a definite steady speed the 
path of the revolving balls has a definite radius, friction being neglected, 
and any increase of speed causes that radius to increase, the governor 
is said to be stable . Stated in another way, suppose that while a 
governor is running at a steady speed the radius of the path of the 
balls is altered by the application of an external force, say on the 
sleeve, then if when that external force is removed the balls return to 
their former position (except in so far as they are prevented from doing 
so by friction) the governor is said to he stable. 

235. Isochronism — Hunting. — A governor is said to be isochronous 
wbon for a particular speed the revolving balls will remain in any 
position within the range of the governor. The slightest change from 
the particular speed will cause such a governor to take up one of its 
extreme positions, the outer position for an increase of speed and the 
inner for a decreaso. Such a governor would evidently he over 
sensitive and of no practical use because it would be continually 
oscillating between its extreme positions, alternately giving full steam 
and none at all. This oscillation of a governor due to over sensitive- 
ness is known as hunting . 

236. Parabolic and Crossed-Arm Governors.— Before discussing 
the parabolic governor it will be useful to note a few properties of the 
parabola. Referring to Fig. 31M the curve AQP is part of a parabola 



of which A is the vertex, S the focus, and AY the axis. P being any 
point on the curve, PN is a perpendicular from P to AY. If PN = x, 
and AN = y, then x 2 = 4 ay, where a = AS. If PG the normal to 
the curve at P meets the axis at G then NG is called the sub-normal 
and this is constant and equal to 2a. 

The centre of curvature of the parnl>ola at any point Q is found 
as follows. Draw the normal QC to the curve at Q. Join QS and 
produce it to D making SD = QS. Draw DC perpendicular to QD to 
meet QC at C. 0 is the centre of curvature required and a circle with 
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centre 0 and radius CQ will more nearly agree with the parabola at 
Q than any other circle which may be drawn. 

If the path which the centre of a governor ball has, in the plane 
containing the axis of the governor and the centre of the ball, bo a 
parabola such as AQP whose axis AY is the axis of the governor, then 
for any position P of the ball the virtual arm is the normal PG and tho 
height h of the conical pendulum is constant. Hence the steady 
speed for equilibrium of such a governor will be the same for any 
position of the ball on the parabola. Such a governor would therefore 
be isochronous. As has already been pointed out the isochronous 
governor is impracticable, but by choosing a curve which differs slightly 
from a parabola for a given range, a workable sensitive governor may 
be obtained. 

The simplest form of governor approximating to the parabolic 
governor is the crossed-arm governor. One arm of such a governor is 
shown in Fig. 395, the centre of suspension C and the revolving ball 
being on opposite sides of the axis A 13. In designing a crossed-arm 
governor it is instructive to plot the height h for different positions of 
the arm as shown in Fig. 396. Tt will be seen that from the lowest 
position up to position 5 the height h increases and beyond this h 
diminishes. The correspoudingspeed curve is also plotted in Fig. 396. 

It is obvious that the lowest practicable positiou for this governor 
is that marked 5 because in descending below this the speed for 
equilibrium would have to increase. 

237. Effort of a Governor. —By the effort of a governor is meant 
the force which it is capable of exerting at the sleeve for a given 
percentage or fractional change of speed. 

Consider first the effort of the Porter governor for which 


*2 = ^-±22 
W 


0 

y 


Let the speed increase from w to a'w, and let a 


force Q be applied at the sleeve in a downward direction, Q being just 
sufficient to prevent the sleeve rising. This will evidently be equivalent 
to increasing the central load from W to W + Q. 


Then, a 2 w 2 = 
Therefore, a 2 


W + Q + i 

w 

W + w (j 


(7 

y 


But, a* 2 = 


W + w 


w 


w 


'h 


W + Q + w g 

w h 


until li = 


Hence, Q = (W -f w)(.c 2 — 1). 

If the force Q be gradually diminished to zero, the sleeve will rise 

W - • H ~ , and the average value of the effort on the 
w a 2 (jJ 2 h 

sleeve during the rise will be .VQ, or -f-w>)(a 2 — 1) = P, and this 
is the resistance at the sleeve which this governor is capable of over- 
coming with an increase of speed from u> to aw. For a decrease in 
speed from w to aw it follows that P, now acting in the opposite 
direction, is equal to J(W + u>)(l — a 2 ). For a change of speed of 1 
per cent. P = 0’01(W 4- w). 

Converting the Porter governor into an unloaded governor by re- 
moving the central load or making W = 0, it follows from the fore- 
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going proof that P = Am?(x 2 — lj, or lw(i — a; 2 ) -*= 0‘01w, fora change 
of speed of 1 per cent. If in the unloaded governor the sleeve is 
suspended, as in Fig. 384, then P, as just given, must be increased in 
the ratio of l : a, supposing that the suspension links and the pendulum 
arms are equally inclined in the main axis. 

It is evident that in order that the unloaded governor may 
exert the same effort as the loaded governor of the Porter type, 

l Wi = W + w , where Wi is the weight of each ball of the unloaded 

governor. 

For the loaded governor of the type shown in Fig. 380, 

P = £(W+ 2 to j(> 2 - 1) 

Jt will help to the understanding of what is meant by the effort of 
a governor if the diagram of effort on th: r.leovo and the velocity 
diagram of the governor be studied together. Two cases, which are 
illustrated by Figs. 397 and 398, will be considered. 

In the first case (Fig 397) the effort on the sleeve is assumed to be 
uniform and equal to Q while the sleeve rises from the level X to the 
level Y. The speed curves are plotted a.* described in Art. 229, 
p. 322. Assuming that when the sleeve is at the level X the governor 



is running freely, there being no force on the sleeve due to the valve 
gear which is operated by the governor, then the speed of the governor 
will be represented by the point A. Suppose now that there is a 
decrease in the load on the engine which requires that the sleeve be 
raised to the lovel Y. After this change of level has been effected, 
and the valve gear ceases to cause any force to bo exerted on the 
sleeve, the free steady speed of the governor will then bo represented 
by the point I). 

The changes in* speed and effort during the performance of the 
above operation are : (l) The increase of speed represented by AB 
before the sleeve begins to rise, the effort meantime increasing from 
zero to ah. (2) A further increase in speed during the upward travel 
of the sleeve, the speed at the end of this travel being represented by 
the point C, and the effort remaining constant the line be is vertical. 
(3) The decrease in speed represented by CD after the sleevo 
has been raised to the level Y while the effort diminishes to zero as 
shown by the horizontal line cd. The work done in raising the sleeve 
against the resistance offered by the valve gear is represented by the 
area of the rectangle abed . 

In the second case (Fig. 398) the effort is assumed to be equal to 
2Q at the beginning of the upward travel of the sleeve and then to 
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diminish at a uniform rate to zero while the sleeve is rising to the 
level Y. The changes in the speed and effort during the operation 
are: (1) The increase in speed represented by AF before the sleeve 
begins to rise while the effort increases from zero to 2Q represented by 
a/. (2) The continuous decrease in speed during the upward travel 

of the sleeve represented by the curve FED while the effort diminishes 
from af to zero as shown by the sloping line fed . 

The work done by the varying effort is the same as 
in the first case and is represented by the area of the 
triangle afd. 

In practice the form of the effort diagram pro- 
bably approximates to that shown in Fig. 300 where 
R is the mean effort during the operation of changing the level of 
the sleeve. 

238. Power of a Governor. — By the power of a governor is meant 
the amount of work which it is capable of doing at the sleeve for a 
given percentage or fractional change of speed. The work done at the 
sleeve is equal to the mean effort of the governor multiplied by the 
distance through which the sleeve moves for the given change of speed. 
Thus if P = mean effort, /r = lift of sleeve, and U = the power of the 
governor, then U = P k. 

For the Porter governor (Fig. 382), P = A(W -f tr)(.r 2 — 1), 

ai = 1 >. 

U = P/r = (W “ !)*JL 

For the direct loaded governor (Fig. 380), P = ^(W -j- 2w) (:* 2 — 1), 

a h = -)/♦ = *, u = » = h(w + 2t»)( ar2 -J— Ja. 

For the simple governor (Fig. 384), except that B and C' are on 
the main axis, 

P = i« C (*2-l)~, Mi = (- 2 

_ , a — 1 \ha /a 2 — 1 \ 2 

k=2M r =2( rx ' i ) /t U = P*=«{ x -)h. 

/ X 2 — 1\2 

For a change in speed of 1 per cent. — - j = 0*0004. 

/ — ] \2 ^ 

For a change in speed of 10 per cent ^ -- — J = 0*0364. 

Most writers define the power of a governor as the work done by 
the controlling force while the balls move over their extreme radial 
range of travel. It should however be clearly understood that this 
work done by the controlling force is not the work available for over- 
coming the resistance due to the valve gear operated by the governor. 


a I-fM 

Fio. 399. 
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Further reference to the power of a governor will be found in 
Art. 242, p. 336. 

239. Helical Springs for Governors. The springs used in spring- 
loaded governors are most 





commonly of the helical 
form made of round steel 
wire (Fig. 400) but helical 
springs made of square steel 
(Fig. 401) are also used. 

The springs may be in ten- 
sion (Fig. 400) or in com- 
pression (Fig. 401). The 
deflection 8 of the spring is 
directly proportional to the 
load P. The stiffness 8 of 
the spring is the load re- 
quired to deflect it 1 inch, 
when the spring is initially „ 

unloaded, or it is the increase in the load to increase the deflection 1 inch. 

The following formula) may be used in the preliminary design of 
helical springs for governors. 


Pig. 400. 


Fig. 401. 


8 = 


6 “ 1 , 000 , 00 ^/ 4 ’ 

^ _ itPI) 3 
h ~ 2 , 130 , 000 **’ 

number of coils in spring. 

„ , , 20 , 000 W 

Greatest safe load — ^ - 


« 1,300,000^/4 

8 = . _, r — , for round section. 

wl>‘* 

2 , 1 30 , 000* 1 „ 

B . .. for square section. 
7/1) * 


for round section. 


Greatest safe load = 


27,000** 


D 


- for square section. 


fore 


Dimensions in inches and 
in pounds. 

240. Spring-Loaded Governors. 

— A well known form of spring- 
loaded governor is that designed by 
Mr. Wilson Hartnell of Leeds. An 
example of this type of governor is 
shown in Fig. 402. Two bell-crank 
levers L each carry a ball B at the 
end of one arm and a roller R at 
the end of the other. Each lever is 
mounted on a pin I carried by a 
frame A which is attached to the 
spindle 8. The centrifugal forces of 
the balls cause the rollers R to press 
against the collar C on the sleeve 
E. The upward pressure of the 

rollers on the collar of the sleeve is balanced by the downward thrust 
of the helical spring H, which is in compression. 
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The angle of the bell-crank levers in Fig. 402 is 90° but in practice 
it is generally rather greater. • 

Taking moments about the axis of the pin upon which a bell-crank 
lever is mounted the equations of equilibrium are stated under Figs. 
403, 404, and 405, which show three representative positions of one 



lever. F is the centrifugal force oi one ball the weight (if which is w, 
and P is the total thrust exerted by the spring. The gravity moment 
wz of a ball is small compared with the moment of tho centrifugal force 

P 

and if wz is neglected the equation of equilibrium reduces to F y = - x. 

If the bell crank angle is 90° and the gravity moment is neglected 

p 

then the equation of equilibrium is Vr ± = x for any position. 

Is 

Another example of a spring-loaded governor is shown in Fig. 406. 



Fig. 406. 
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Phis is the governor of the Allen high-speed triple-expansion engine 
illustrated on p. 237. The spindle S is attached directly to one end D 
of the crank shaft. Two bell- crank levers L arc mounted on pins I 
fixed in the carrier 0 which is secured to tho spindle S. The centri- 
fugal forces of the masses M and the crank arms carrying them are 
balanced by the pull exerted by the two helical springs H. The move- 
ment of tho bell-crank levers is communicated to the sleeve E which in 
turn actuates the levers K and N to the latter of which is jointed the 
rod Q which is connected to the throttle valve lever. Details of the 
throttle valve are given on p. 2G0. Oil to the various joints and 
rubbing surfaces is supplied through the passages shown by the system 
of forced lubrication. 

If P is the total pull of the springs when their length is 2r 
(Pig. 407), 7 the length of the springs when free or unloaded (Pig. 408), 
and S the stillness of each spring, then 
tho deflection 8 of tho springs when 
loaded is 2r — l. Since the deflection of 
a spring is proportional to the load which 
it carries it follows that P:2S: :2r — 7:1. 

1 [encA, P = 2S(2r- 1) = P. Now 2S(2r - /) 
is of the form ar — 6, where a and b 
are constants for a particular spring. 

The equation P = nr — b = P is the 
equation to a straight line whose ordi- 
nates are the controlling force P and 
absciss® the radius r. 

241. Adjustable Supplementary Load for Governors.— Spring- 
loaded governors are generally provided with a supplementary spring 
connected to the linkwork between the sleeve and the valve in such a 
way as to add to the load on the sleeve due to tho main spring or 
springs. Also, it is arranged that the length of this supplementary 
spring and therefore the force exerted by it may be altered by hand 
while the engine is running. Altering the 
length of the supplementary spring will of 
course alter the total load on the sleeve and 
will therefore change tho speed at which the 
governor will be in equilibrium in any given 
position, an increase in the load causing an 
increase in the speed. 

In Fig. 409, 11 is a supplementary spring 
coupled to the lever L which transmits the 
motion of the sleeve E upon which the main 
spring acts directly. The length of the 
spring Ii may be adjusted by means of the 
screw S and nut N. 

In considering tho equilibrium of a 
governor provided with a supplementary 
spring the force exerted by this spring must 
be iirst reduced to the line of action of the resultant force exerted 
by the main spring or springs and then added to that resultant force. 
For example, in Fig. 409 if AB is twice BC then the force on the 



Fig. 409 . 
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sleeve due to tlie supplementary spring is half the force exerted by 
that spring at 0. 

242. Curves of Controlling Force. — Plotting values of the con- 
trolling force as ordinates and corresponding values of the radius of 
the ball path as abscissje a curve is obtained forming the upper 
boundary line of a diagram which exhibits the sensibility, stability, 
and power of the governor. This form of governor diagram is due 
to Mr. Wilson Hartnell. 

An example will make clear the construction and properties of this 
diagram. Fig. 410 shows live different configurations of one half of a 
Porter governor. The controlling force F for one ball for each of the 
five positions of the ball is determined by the construction shown in 
Fig. 411 for three different cases, namely, (1) when friction is 
neglected, (2) when friction is considered and the ball is falling, and 
(3) when friction is considered and the ball is rising. These values 



of F are plotted as ordinates and the corresponding values of the 
radius from Fig. 410 as abscissae in Fig. 412. Of the three curves 
obtained in Fig. 412 the dotted one is the controlling force curve 
when friction is neglected. The lower and upper curves are the 
controlling force curves for the ball descending and ascending 
respectively when friction is considered. 

The area of the diagram bounded by a controlling force curve, its 
extreme ordinates, and the base line, represents the work done by or 
against the controlling force while the ball moves over its horizontal 
range, and according to one definition of the power of a governor this 
area represents the power of the governor for one ball. The area of 
the diagram for one ball will represent the whole power of the 
governor if the ordinates of the curve are measured with a scale half 
that used for F in constructing the diagram. The power of the 
governor, in foot-pounds, is the mean height of the diagram (friction 
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neglected) in pounds on the force scale multiplied by the base in feet 
measured on the radius scale. The area between the upper and lower 
curves represents the work done on friction while the balls move 
outwards and back again over their horizonal range. 

The curves of controlling force give further information about the 
governor when speed lines are added. A speed line is determined 
as follows. Choose a convenient radius OM (Fig. 412) and calculate 
the controlling force MN for the speed N from the formula 

MN = 0 ( 30 ^) anc ^ mar k off MN on the force scale. If the 

speed N is kept constant while the radius is varied, the controlling 
force will be proportional to the radius, and for any radius will be 
represented by the corresponding ordinate of the straight line ON. 
Conversely, if any straight line ON bo drawn and considered as a 
speed line, the speed which it represents is calculated from the formula 

N — ON. and ON 2 are the maximum and minimum 
77 v wr 

speed lines for this governor when friction is considered. 

The point at which a particular speed line outs a curve of con- 
trolling force gives the radius at which the balls will run at that 
speed for that curve. 

For stability the slope of the controlling force curve at the point 
where it cuts any speed lino must bo greater than the slope of that 
speed line, and the greater the difference 
of these two slopes the greater is the 
stability of the governor, and the 
smaller this difference is the greater is 
the sensitiveness of the governor. 4 

For certain spring-load governors 
the controlling force curves are straight 
lines whose equations are of the form 
F = ar — by where a is a constant de- 
pending on the stiffness of the spring, 
and b is another constant depending on 
the initial load on the spring. 

Fig. 413 illustrates two cases in 
which the controlling force lines are 
straight. In case (1) AB is the con- 
trolling force line when friction is 
neglected and DE and GH the control- 
ling force lines when friction is con- 
sidered. In this case the governor is 
stable. 

In case (2) ah is the controlling 
force line, neglecting friction, when the 
governor is isochronous. When a governor is isochronous its controlling 
force line where there is no friction passes when produced through 
the origin O. 

It is important to notice that the slope of a straight controlling 

z 
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force line is a measure of the stiffness of the spring of the governor. 
The stiffness of a spring is measured by the increase in the load 
divided by the deflection produced by that increase in load. Now the 
increase in the load is either equal to or proportional to the increase in 
the controlling force and the corresponding increase in the radius of 
the ball path is either equal to or proportional to the deflection of the 
spring. In the right-angled triangle ABC (Fig. 413) the increase in 
the controlling force is BC for an increase AC in the radius. There- 
fore the stiffness of the spring is represented by BC -f- AC. Another 
important point is that altering the initial load does not change the 
stiffness of the spring. 

To make the governor isochronous tho line AB must be raised, 
keeping its slope unaltered, until it reaches the position of ah which 
when produced passes through 0. This requires that the initial 
controlling force KA shall be increased to K a. 

If the controlling force lines de and /</, allowing for friction, be 
added in case (2) it is readily seen that the governor is no longer 
isochronous ; also the governor is unstable when the balls are moving 
outwards but stable when the balls are moving inwards. 

It may be left to the student to consider from a study of Fig. 413 
the effects of the stiffness of the spring and the magnitude of its 
initial load on the stability, sensibility, and power of the governor. 


Exercises XVII 

1. Find the height, in inches, of a simplo conical pendulum when the speed of 
rotation is 50 revolutions per minute. Determine also the decrease in height for 
an increase in speed of 4 per cent, and tho increase in height for a decrease in 
speed of 4 per cent. 

2. Three conical pendulums are shown in Figs. 414, 415, and 416. For the 
configurations shown the speed of revolution is 
the same for each pendulum. Calculate for each 
pendulum tho percentage increase of speed which 
will raise the levol of the hall 1*5 inches. 

3. A diroct loaded governor (Fig. 380, p. 320) 
has arms 11 inches long. Each ball weighs 4*5 lb. 
and the central load is 81 lb. Neglecting friction, 


Fig. 414. Fig. 415. Fig. 416. Fig. 417. 

what is the speed in revolutions per minute when the arms are inclined at 30° to 
the axis of the spiudle ? Also what will be tho upward displacement of the 
sleeve for an increase of 5 per cent, in the speed ? 

4. An equal-armed governor is shown in Fig, 417, with the sleeve resting 
against the bottom stop. Each ball weighs 4 pounds and the sleeve itself weighs 
14 pounds. At what speed will the sleeve just begin to leave the bottom stop 7 

[B.E.] 
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5. The skotch, Fig. 418, shows the leading dimensions of a loaded governor 
of the Porter typo. Each ball weighs 4 pounds. Find the load W which must 
be applied to the sleeve so that the governor may 


revolve in tho configuration shown at a speed of 
200 revolutions per minute. [B.E.] 

6 . In a direct loaded governor of the type 
Bhown in Fig. 380, p. 320, the arms are 10 inches 
long. Each ball weighs 3*5 lb. and the central 
load is 70 lb. For the lowest and* highest posi- 
tions of the sleeve the arms are inclined at 30° and 
40° respectively to the vertical. Tho friction of 
the govornor and tho mechanism connecting it 
to the valve is equivalent to a force of 4 lb. at the 
sloeve. 



Find : (a) tho travel of tho sleeve ; (6) the 
minimum ascending speed; and (c) the maxi- 
mum descending speed ; also, ( d ) the speed when 
the slcevo is at tho middlo of its travel and 



friction is neglected. Speed** to bo in revolutions per minute. 

7. In a governor of the type shown in Fig. 384, p. 322, a = 12 inches, l = 20 
inches, and the suspension link is 12 inches long. The centre of the top joint of 
tho arm and tho centre of the bottom joint of the link are each 2 inches from 
tho central axis of tho governor W = 10 lb. and io = 12 lb. The friction is 
equivalent to a forco B. = 5 lb. at the alcove. For the lowest position of the 
sleeve tho centre lino of the ball arm is inclinod at 21° to tbo vertical. The 


travel ot tho sleeve is 1T> inches. 


Determine tho speed of the governor, in revolutions por minute, (a) whon the 
sleeve begins to riso from its lowest position ; ( b ) when tho sleeve descending 
reaches its lowest position ; (c) when the sleeve ascending reaches its highest 
position ; ( d ) when tho sloeve starts to descend from its highest position. 

8. A Porter governor lias arms and links each 15^ inches long. Tho centres of 
the top joints of tho arms arc 3 inches apart and the centres of the bottom joints 
of the links are 4 inches apart. Each ball weighs w lb. and tho central load is 
W lb. When the arms are inclinod at 30° to the vertical and friction is neglected, 
find — (a) tho speed N in revolutions per minute when w — 10 and W = 80 ; (b) W 
when N =s 160 and w = 10 ; ( c ) w when N = 144 and \V = 95. 

9. Show for a loaded governor .of the Porter type that when the central load 
rises and falls twico as fast as tho balls 

S = n/H- a • /3 ~ A 


where S = the difference between the highest 
and lowest speeds in any position due to 
friction divided by the mean speed in that 
position, and A = equivalent frictional resist- 
ance at the load divided by the weight of a 
ball plus the load. [U.L.] 

10. Construct tho speed curves described 
in Art. 229, p. 322, and illustrated by Fig. 386, 
for a Porter governor of which the particulars 
are as follows: — Arms and links 12 inches 
long. Distance between centres of top joints 
of arms aud between centres of bottom joints 
of links, 3 inches. Weight of each ball, 6 lb. 
Central load, 60 lb. Friction equivalent to a 
forco of 5 lb. at sleeve. For lowest position 
of sleovo the arms are inclinod at 28° to the 



vortical. Travel of sleeve 2 inches. Fig. 419. 

11. Galloway’s paraholio governor is shown 
in Fig. 419. Tho balls B are in the form of cylinders and are suspended by links 
from a crosspiece attached to the central spindle as shown. While the centres 
of the balls move in arcs of circles their paths in relation to the central load 
W lie on a parabola, shown dotted. S is the focus and A the vertex of the 
parabola. The central load W weighs 350 lb. and eaoh ball weighs 28 lb. 
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Determine the speed of this governor, in revolutions per minute, for the 
position shown and for lifts of 2, 4, and 6 inches. 

[Note that the forces acting on one ball are : (1) The tension in the link, the 
vertical component of this being oqual to half the central load plus the weight of 
the ball. (2) The pressure of the central load 
on the ball, the line of action of this being 
normal to the parabola. (3) The weight of 
the ball. (4) The centrifugal force of the 
ball.] 

12. The ske.tch, Fig. 420, shows a loaded 
governor with crossed arms. The central load 
is 130 lb. and each ball weighs 15 lb. For the 
lowest position of the sleeve the angle 6 is 38° 
and for the highest 46°. Find the lift of the 
sleeve. Compute the speeds of the governor, 
in revolutions per minute, for these two 
positions of the sleeve and also for the position 
for which 0 is 42°, friction being noglocted. 

Also, assuming that the friction is equivalent 
to a force of 10 lb. at the sleeve, what are the 
extreme speeds for the lowest position of the 
slcovo ? 

13. The arms and links of a governor form 

a parallelogram A BCD. AC is the axis of the 
governor and the sleeve is at C. The revolving Fni. 420. 

balls at B and D each weighs 10 lb. What 

downward force Q must be appliod to the sloovo, which weighs 5 lb., to provent it 
from rising when the speed is increased by 2 per cent. ? Also what will bo the 
value of Q for the same increase in speed if there is an additional central load 
ol 85 lb. ? If the force Q is 5 lb. find the necessary 
percentage increase in speed to prevent the :sleevo 
from descending in tho case of the governor with- 
out the additional central load and also for the 
governor with the additional central load. 

14. Find, for the position shown in Fig. 421, 
the speed at which the governor runs, neglecting 
friction and the weight of the arms. Explain 
why the governor is more sensitive than it the 
balls were placed at the junction of the links. 

The weight of each ball is 20 lb. and the load is 
801b. [U.L.] 

15. A Porter governor has arms and links each 
11 inches long and the centres of the top and 
bottom joints are on the axis of the governor. 

Each ball weighs 5 lb. and the central load is Fig. 421. 

70 lb. Each arm and each link weighs B lb. 

Neglecting friction, find the speed of this governor, in revolutions per minute, 
when the arms are inclined at 30° to the vertical, (a) neglecting tho masses of 
tho arms and links, and (b) taking the masses of the arms and links into 
account. 

16. In a spring governor of the Hartnoll type, 

Fig. 422, the weight of each ball is 12 pounds, and the 
lift of the sleeve 2-5 inches. The spood at which the 
governor begins to float is 250 revolutions per minute, 
and at this speed the radius of the ball path is 5*5 
inches. The mean working speed of the governor is 
18 times the range of speed when the effects of friction 
are neglected. Calculate the stiffness of the spring, 
i.c. the load per inch compression. [U.L.] Fig. 422. 

17. In a Hartnell governor the arms of tho bell- 

crank levers are of equal length and are at right angles to one another. Each 
ball weighs 4 lb. Calculate the stiffness of the spring if the governor is 
isochronous at a speed of 280 revolutions per minute. 

18. In tho pendulum governor illustrated (Fig. 423), additional control ia 
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obtained by a spring, stretching from centre to centre of the balls. The position 
shown is that of the governor at rest. If the weight of each ball is 8 lb., and the 
initial tension on the spring is 20 lb., determine the speed at which the balls 
begin to move outwards. If the spring requires 10 lb. per inch of extension, 
calculate the speed of the governor necessary to raise the sleeve two inches 
from its initial position, when the sleeve rises twice as fast as the balls. [U.L.j 

19 . One arm of one of 
the bell-crank levers of the 
governor illustrated by 
Fig. 406, p. 334, is shown 
in detail with dimensions 
in Fig. 424. Determine 
approximately the weight 
of a cylindrical mass 
which, placed with its 
axis on the axis of the 
bole in the larger end of 
the arm, will have the 
same centrifugal effect as 
that of the whole arm 
when the axis of the arm is parallel to the axis of the spindlo and 6 inches 
distant from it. Take the weight of a cubic inch of tlio steel of which the arm 
is made as 0*28 lb. 

20 . The governor, Fig. 406, p. 334, lias a range of speed from 306 revolutions 
per minute when r ~ 5*71 inches to 314 revolutions per miuute when r = 6-29 
inches, when there is no tension in the adjustable supplementary spring. The 
centrifugal effect of the arms and weights (or balls), etc., is the same as that due 
to a weight of 201b. at the end of each ball arm. Find the stiffness of each of 
tlio two main springs and the equation giving the relation between the controlling 
force P and the radius r, P being in lb. and r in inches. 

21 . In a spring governor the effect of the spring, etc., in constraining the 
balls is found by observing the force which has to bo applied radially at the 
balls to keep them in a given position. Tho observed force (neglecting friction) 
was 900 pounds when at 8 inches radius and 1500 pounds when at 12 inches 
radius, and the increase in the force was found to bo proportional to the incroaso 
in the radius. Find tho radius at which the halls run when the speed is 270 
revolutions per minute, the weight of each ball being 60 pounds. Also, find by 
how much the initial tension in the spring must be increased in order to make 
tho governor isochronous. At what speed would tho governor then work ? 

[U.L. 

22 . Construct the controlling force curve for the Porter governor of which 
particulars aro given in Exercise 15, neglecting friction and tho weight of the 
arms and links. Tako the range of the radius of the ball path as from 5 inches 
to 7 inches. Add the speed lino for 240 revolutions per minute. To show the 
influence of tho central load add the controlling forco curve when there is no 
central load. Use the following scales — Linear, 6 inches to a foot. Force, 10 lb. 
to an inch. 

23 . Taking the particulars given in Exercise 14 and Fig. 421 of a Proell 
govornor, oonstruct the controlling force curve for tho range of the radius of tho 
ball path corresponding to 6 — 30° to 0 = 40° where 0 is the inclination of the 
links to the vertical. Linear scale 6 inches to one foot. Force scale 10 lb. to 
one inch. 

24 . Draw the Hartnell diagram for a spring-loaded govornor of the type 
shown in Fig. 406, p. 334, for which the equation to the controlling force is 
F = 80r — 170, where F is the controlling force in lb. and r is the radius of the 
ball path in inches. The working range of the balls is from r = 5*6 to r = 6’4, 
and each ball woighs 22 lb. What is the power of this governor in foot-pounds ? 
By how much must the initial load on each spring be increased to make the 
governor isochronous? Add to tho diagram the speed line for 290 revolutions 
per minute and And the radius at which the balls will then be running. 
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VALVES AND VALVE GEARS 


243. Functions of the Valves Considered in this Chapter.— The 

valves used in controlling the steam which drives the piston of a 
reciprocating engine have to perform four distinct operations on the 
steam used on one side of the piston, and the same operations have to 
be performed in the same order on the steam used on the other side for 
each cycle or each revolution of the crank shaft; 

Stated briefly, the operations on the steam on one side of the piston 
are : (1) Admission, or opening of valve for the admission of the live 
steam to the cylinder. (2) Cut off, or stopping the admission of the 
steam previous to expansion. (3) Eelease , or opening of valve to allow 
the steam to escape from the cylinder to the atmosphere, or to the 
condenser, or to a larger cylinder. (4) Compression, or stopping the 
release of the steam from the cylinder previous to compression. 

.For a double acting piston there are eight valve operations per 
cycle or per revolution. All these eight operations may be performed 
by a single slide valve. Instead of a single slide valve two pairs of 
valves such as Corliss valves or drop valves may be used, one pair for 
each end of the cylinder, one valve at each end of the cylinder per- 
forming the operations (1) and (2), the other valves performing the 
operations (3) and (4). When a slide valve with what is called -an 
expansion valve on the back cf it is used the main valve performs all 
the operations except that of cut off for both ends of the cylinder, the 
function of the expansion valve being to control the cut off only. 

244. The Simple Slide Valve. — A design of steam cylinder for use 
with a simple slide valve is shown in Fig. 425. C is the cylinder 
attached to the engine frame F. P is the piston and R the piston rod. 
On one side of the cylinder is the valve casing G containing the slide 
valve V which is connected to the valve spindle D. The valve may be 
described as a rectangular plate with a rectangular hole in it, this hole 
being walled in and covered over, the whole forming a single casting. 
The rectangular plate part of the valve fits against a flat seat formed 
on the bottom of the valve casing. This flat seat has three rectangular 
openings or ports in it, a central port E called the exhaust port and one 
8 on each side of E called the steam ports. Each steam port is the 
entrance to a passage which leads to one end of the cylinder as shown. 
Steam enters the valve casing at A. In Fig. 425 the pist&i is at the 
left-hand end of the cylinder and the valve, which is moving to the 

^ right, has slightly uncovered the left-hand steam port allowing steam 
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to get on to the left-hand face of the pistpn which will begin to travel 
to the right. The hollow part of the valve being over the exhaust 
port and also over the right-hand steam port, the steam in the cylinder 
to the right of the piston is escaping through the exhaust port and 
thence through the exhaust pipe which is attached at H. 



Full consideration will be given later to the design and operation 
of the slide valve ; meantime a few definitions relating to the slide 
valve may be given here. 

A longitudinal section through a slide valve .and cylinder ports is 
given in Fig. 426. The valve is shown in its middle position. The 
middle position of the valve is not necessarily that in which it is 
symmetrical with reference to the cylinder ports. This is generally 
the case in a horizontal engine but not so in a vertical engine. The 
middle position of the valve is that which it occupies w’hen it is at the 
middle of its travel. 

It will be seen that the valve more than covers the two steam ports. 
The amount o by which tho valve overlaps a steam port ou the outside 
or steam admission side 
is called the outside Zap 
or steam lap of the 
valve for that port, the 
valve being in its middle 
position. The amount 
* by which the valve 
overlaps a steam port 
on the inside or exhaust 
side is called the inside lap or exhaust lap of the valve for that port, 
the valve being in its middle position. These definitions also apply 
to piston valves to be described presently, but since with these valves 
the steam admission is often on the inside and the exhaust on the out- 
side of the valve the terms steam lap and exhaust lap are better general 
terms tbati outside lap and inside lap . 

The inside or exhaust lap is frequently negativo as shown in 
Fig. 427 where the valve does not entirely cover the steam port on the 
exhaust side when the valve is in its middle position. 



Fig. 426 . Fig. 427 . 
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When the engine piston is at one end of the cylinder and just about 
to begin a stroke, the steam port for that end of the cylinder is 
generally open by a slight amount e which is called the lead of the 
v*Jve. 

T 245. The Trick Valve.— Trick in Esslingcn, Germany, in 1857 and 
Xffan in England between 1858 and 1860 designed a modification of 
the simple slide valve which reduces the travel of the valve for the 
same port opening and therefore reduces the work on friction in driving 
it. The modification is simple and ingenious and is shown in Fig. 428. 



The valve works on a raised seat and has an internal passage whose 
ports are in the valve face near the outer edges of that face. At (A) 
the valve is shown in its middle position and o is the outside lap. The 
valve shown has no inside lap. At (B) the valve is shown moved to its 
extreme right-hand position. The valve and tho ports are so designed 
that as soon as the valve begins to uncover one stoam port and steam 
enters it, as in the ordinary slide valve, stoam also enters the same port 
from the internal passage, the steam entering this passage under tho 
overhanging valve face at the other end. 

The half travel of the valve is o -f s. the effective port opening for 
steam is 2s, and for exhaust 2s -f- t = a. 

¥ 246. Doublo Ported Slide Valve.— The principle of double and 
multiple ported slide valves is the same as that of the familiar sliding 
gridiron ventilator in which a comparatively small sliding movement 
gives a large area of opening. The port opening with a double ported 
slide valve is double that with a single ported valve for the same valve 


SECTION AT YY SECTION AT ZZ 


SECTION AT XX SECTION AT UU 
Z. 





Fig. 429. -Double ported slide valve. 


movement. Stated in another way, the sliding movement, of a double 
ported valve is only half that of a single ported valve for the same port 
opening. This does not mean that the whole travel of the double 
Dorted valve is necessarily exactly half that of the single ported valve 
for the same total port opening but it is generally nearly if not exactly 
half. 

A large double ported slide valve for a vertical marine engine is 
shown in Fig. 429, the valve being ift its middle position.. In con- 
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sequence of the weight of the piston, crosshead, and other reciprocating 
parts, it is usual to arrange the valve and its gear so that the work 
done by the steam below the piston is greator than that done above it. 
This explains why the valve has a greater outside lap at the top than 
at the bottom end ; also why, while there is no inside lap at the bottom* 
the inside lap at the top end is negative. 

To understand the action of the double ported slide valve it should 
bo noted that at all times there is live steam all round the outside of 
the valve and also in the two passages Q which pass through the valve 
from one side to the other, while the remaining parts of the interior of 
the valve surrounding the tubular part through which the valve spindle 
passes contain exhaust steam. 

By making a tracing of the ports and sliding this tracing into 
different positions under the longitudinal section of the valve tho 
student should have no difficulty in following the action *of the valve. 
Tt will be observed that there is only one exhaust port E, as in the 
single ported valve. 



Fig. 430. 


247. Balance Piston for Heavy Vertical Slide Valves.— The gieat 
weight of large slide valves, such as arc found in vertical reciprocating 
marine engines, together with the weight of the valve 
gears, would put a great load on the eccentrics, and to 
avoid or reduce this load it is a common practice to 
introduce a balance piston in the manner shown in 
Fig. 430. T, the tail rod of the valve spindle, carries 
a piston V which works in the cylinder C. The piston, 
which is fitted with Ramsbottom packing rings is 
subjected to the valve chest pressure on its underside, 
and tho top of the cylinder C being connected to the 
exhaust pipe of the main cylinder or to the condenser 
there is a resultant upward force on the balance piston 
which can be arranged to balance as much of tho 
weight of the slide valve and its gear as may be de- 
sired by making the balance piston of suitable diameter. 

248. Pressure Relief Arrangements for Slide Valves. — The 
resultant force pressing a slide valve against its seat is the difference 
between the total pressure on the back of the valve and the total 
pressure on the exposed part of its face and interior. This resultant 
force varies with the position of the valve in relation to the steam and 
exhaust ports, but for any position in ordinary working it is much 
greater than is necessary to keep the vulve against its seat. The con- 
sequence is that with an ordinary slide valve a considerable amount of 
work has to bo done in overcoming the friction of the valve on its seat. 

To reduce the resultant force pressing the valve on its seat, and 
therefore to reduce the work required to drive it, numerous arrange- 
ments have been devised. One feature of all these arrangements is 
that a portion of the 'area of the back of the valve is isolated from the 
steam chest pressure and subjected to a much lower pressure. 

Fig. 431 shows a pressure relief arrangement for a locomotive slide 
valve. Four deep grooves of rectangular section are made in the back 
of the valve and into these are fitted four deep metal strips R which 
project slightly beyond the valve and are pressed outward by springs 
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against a smooth plate P cast in one with the valve chest cover C. 
The springs for forcing the strips R outwards may be waved steel strips 
placed in the grooves behind 
the packing strips, or they 
may be helical springs placed 
in holes at intervals as shown 
at S. 

The packing strips en- 
close a rectangular area on 
the back of the valve which 
is in communication with 
the exhaust by means of the 
hole H, and this area is 
therefore only exposed to 
the exhaust pressure. 

The packing strips used in 
the way described originated 
in the United States and 
are known as Richardson 
strips. 

• Fig. 431 also shows a 
very common way of con- 
necting the slide valve Fig. 431. 

spindle to the valve in 

locomotive practice. The spindle I) has a rectangular frame 15 forged 
on to it and this iits over the valve as shown. The rectangular frame 
B is called a buckle or a bridle. 

A relief ring used on the back of a double ported slide valve in 
marine practice is shown in Fig. 432. V, the back of the valve, has 
cast on it a shallow cylinder 
L which is bored and fitted 
with the relief ring R 
provided with Ramsbottom 
packing rings. The facing 
F on the back of the relief 
ring fits against a planed 
surface on the inside of the 
valve chest cover 0. The | l rrji T 

relief ring is pressed against \k:- ; J F J N XSjj ' 

the valve chest cover by 
helical springs S. The space Ml ! 

inside the relief ring is placed / / R— H £ 

in communication with the 

condenser through the hole 


the back of the valve, has 



Another form of relief Fig. 432. Fig. 433. 

ring is shown in Fig. 433. 

V is the back of the valve. Two solid metal rings R fit into an 
annular recess cut in a projection on the inside of the valve chest 
cover C. Between the rings II two rings A of asbestos packing are 
placed and this combination of rings is pressed against the back of the 
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valve by helical springs S placed in holes at intervals above the rings. 
The force exerted by each spring is adjusted by a screw T which is 
secured in position by the lock nut N. The space within the relief 
ring communicates with the condenser as in Fig. 432. 

\ 249. Piston Valves. — Piston valves have now largely superseded 


the ordinary slide valve in reciprocating steam 
engines. 

The simplest form of piston valve is the solid 
type, an example of which will be seen in the Allen 
engine illustrated by Fig. 2#3, p. 237. The upper 
part of the H.P. piston valve of this engine is shown 
to a larger scale in Fig. 434. This type works with 
less friction than any other and if the valve and the 
liner or casing in which it works are made truly 
cylindrical with a minimum difference in their 
diameters the leakage of steam past the valve should 
be very small, especially at high engine speeds. 

One of the pistons of *the piston valves of the 
G.E.R. 4-6-0 express passenger engine illustrated 
by Fig. 237, p. 213, is shown in detail** in Fig. 435. 
This piston has a broad spring ring, the section of 
which is shown in solid black. The working diameter 
of this ring is 10 inches but it is first turned to an 



external diameter of 10 — inches (about 10*14 in.) yig . 4B4. 
before it is cut. The ring is cut and machined to 


the form shown at (1), and when finished and closed 

to the working diameter the joint is as shown at ( 2 ). The facings 

on the ring and its internal flanges which bear on the body of the 



Fig. 435.— Piston of locomotive piston valve. 


piston or on the junk ring are ground and finished before the ring 
is cut. The facings of the joint which come in contact when the 
ring is closed as at (2) are made an easy but steam-tight fit and their 
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planes are made to coincide with the planes of the facings of the 
internal flanges as shown. 

When the piston is in position the split in the ring is at the bottom 
and at this part of the liner in which the piston works there is a broad 
bridge bar across the port. A stud screwed into the body of the piston 
and having a wedge-shaped head projecting into tho split in the ring, 
as shown, keeps the ring in position. 

Oil for the lubrication of tho pistons is delivered under pressure 
through pipes which are connected to the vfilve casing at L (Fig. 237, 
p 243). Lubrication is facilitated by four narrow circumferential 
grooves on the piston ring. In each of these grooves three radial holes, 
1-Nth inch diameter, are drilled through the ring, the twelve holes 
being equally spaced round the ring. 

During the admission of steam to the cylinder, especially at the 
beginning and end of the admission, the high steam pressure acting on 
the outside of the packing ring will tend to make it collapse and allow 
live steam to rush straight through to the exhaust side of the piston. 
If the ring is stiff enough to prevent any reduction in its diameter due 
to this external pressure then at other times the ring will exert too 
great a pressure on the liner and cause increased friction. The use of 
the small holes through the ring is to admit live steam to the annular 
space inside the ring and so balance the steam pres- 
sure on the outside. The pressure which the ring 
exerts on the liner is then due to the elasticity of 
the ring which is prearranged. 

The steam port in the liner or hush in which the 
piston works has bridge bars across it at intervals 
solid with the liner, and these are preferably inclined 
as shown in Fig. 436, which represents the steam 
port in the liner for the piston shown in Fig. 435. 

Tn the valve just described tho live steam enters 
between the two pistons ; this is called “ inside ad- 
mission.” With imside admission the livo steam is 
better protected than with outside admission. 

A form of piston valve very common in American 
locomotive practice is shown in Fig. 437. Each 
piston consists of a “ spider ” S, a “ bull-ring ” B 
and two split packings rings P. The pistons are 
separated by a hollow body H. The pistons and the 
body are bound together by means of the valve spindle 
having a collar C and nuts N. T is the tail rod. 

Angular movement of the spider on the valve spindle is prevented 
by a key K and angular movement of the bull-ring on the spider is pre- 
vented by a key at XX on the vortical diameter. Tho split in the 
packiug rings is at ZZ at the bottom of the piston and rotation of these 
rings is prevented by a pin passing through them at the split and 
through the bull-ring as shown. Cross sections at XX, Y Y, and ZZ 
to a larger scale are shown to the right in Fig. 437. 

The hollow body H forms a communicating passage with the ends 
of the valve chest and with inside admission this passage contains 
exhaust steam but with outside admission it contains Jive steam. An 



Ftg. 436. 
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objection to a hollow piston valve is that the live) steam on one side of 
the hollow body loses heat to the exhaust steam on the other side. On 
the other hand, the hollow body gives a simple moans of communication 
between the two ends of the valve chest. 

The great advantage which a properly constructed piston valve has 
over an ordinary slide valve is the small frictional resistance which it 



Fig. 437. — Locomotive piston valve. 


offers. An ordinary slide valve will lift off its seat when, owing to 
abnormally high compression or the presence of water in the cylinder, 
the pressure on the face of the valve is greater than that on the back. 
The ordinary slide valve will therefore also act as a relief valve, an. 
advantage not possessed by a piston valve as usually designed. It is 
therefore more important that the cylinder should he provided with 
relief valves when a piston valve is used instead of the ordinary slide 


valve. 

The action of a piston valve in controlling the admission of the 
steam to the cylindor and its release is exactly the same as that of the 
ordinary slide valve, and the gear operating it may be the same. The 
outside and inside laps and the load are also measured in the same 
way, and the Zeuner and other valve diagrams showing the operation 
of the valve are identical for the two types of valve. 

250. Slide Valve and Piston Displacement.— A slide valve or 
piston having straight line reciprocating motion and connected to an 
eccentric or a crank by an eccentric rod or a connecting rod form one 
of the most common types of the mechanism known as the slider-crank 
mechanism , a mechanism which 
presents numerous interesting 
problems. The problem to be 
considered here is the determ- ^ 
ination of the distance moved Sl 
or displacement of the slider 
(slido valve or piston) for a 

given displacement of the Fig. 438. 

eccentric or crank. 

Referring to Eig. 438, 0 is the crank shaft, OC the crank, C the 
crank pin, and ©S the connecting rod connecting the crank to the 
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slider S. The line of stroke S 2 S 2 of the slider is assumed to pass, 
when produced, through 0. 

In considering the motion of the slider it is only necessary to fix 
attention on S where the connecting rod is jointed to the slider, because 
all points in the slider have exactly the same motion. 

There are two positions of the mechanism where the crank and 
connecting rod are in line and these are called dead centre positions . 
In the case being considered the dead centre positions occur when C is 
at C 2 and at C 2 on the line of stroke, the corresponding positions of 8 
being S 2 and 8 2 for which and S 2 C 2 are equal to the length of 
the connecting rod. 

The simple construction for finding S, the position of the slider for 
a given position OC of the crank, is to describe an arc of a circle whose 
centre is C and radius equal to the length of the connecting rod to cut 
the line of stroke at 8. In the? converse problem, given S, the position 
of the slider, to find the position of the crank, there are obviously two 
solutions, OC and OC', excepting when the solution gives a dead centre 
position. 

Since S 2 S 2 , the stroke of the slidor, is equal to C 1 C 2 , the diameter 
of the crank pin circle, the position of the slider for a givon position* of 
the crank is conveniently shown on C 1 C 2 . Taking C t C 2 to represent 
the stroke of the slider its position is represented by S' where the arc 
of radius SC and centre S cuts C 1 C 2 . For SS' = SC = S l C 1 . therefore 
S 1 S = C 1 S , = a. 

To avoid drawing the arc CS'C' to find S' for more than one position 
of C, the arc of radius equal to the length of the connecting rod which 
passes through O is drawn, then a horizontal CD to cut this arc at D 
gives CD =: S'O the distance of the slider from the middle of its 
stroke. If desired the distance of the slider from either end of its 
stroke for any position of C may be found at once after adding the 
arcs C 1 D 1 and C 2 D 2 , struck from centres S x and S 2 respectively, then 
CD 2 is the distance of the slider from one end of its stroke, while CD 2 
is its distance from the other end for the position OC of the crank. 

It is evident that the greater the length of the connecting rod in 
relation to the radius of the crank the shorter will the distance #S' 
become, where s is the point where the chord CC' cuts C 2 C 2 . CC' is 
of course perpendicular to C 2 C 2 . In the case of a slide valve driven 
by an eccentric, which is a form of crank (see p. 266), the eccentric 
rod is generally so long compared with the radius or eccentricity of the 
eccentric that the distance «S' is small enough to be neglected. When 
S' is taken as coinciding with 8 it is assumed that the slider has 
harmonic motion. 

Treating the problem analytically it may be left as an exercise to 
the student to show that, 

x = r(l — cos 0) + — cos <f>) 

r(l — cos 0) + \ l — V V 1 — r 2 sin 2 0} 

— r( 1 — cos 0) + r[n — V w 2 — sin 2 0} 

where n — the ratio of l to r. 

Also for harmonic motion, x = r(l — cos 0). 
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251. Relative Positions of Eccentric and Crank. — The action of 
the simplo slide valve, and the method of driving it, may now be 
further considered. A steam cylinder with ports and passages for a 
simple slide valve is shown in Fig. 439. The valve V has no lap, 




outside or inside, and no lead. The piston P is shown at the left-hand 
end- of its stroke and is just about to move to the right. In order that 
the piston may move to the right under steam pressure the left-hand 
steam port Fq must be just on the point of opening and sinee the valve 
has neither lap nor lead it must be in its middle position as shown and 
must be moving to the right. The engine crank OK must evidently 
be in its inner dead centre position as shown and the eccentric, 
neglecting the obliquity of the eccentric rod, must be vertical, the axis 
of tho cylinder being horizontal. There are two possible positions for 
the eccentric, one, 00, above the crank and the other, 00', below, but 
these positions demand opposite directions of rotation for the crank 
shaft. In order that the valve may be moving to the right as required, 
the upper position 00 of the eccentric requires clockwise rotation 
of the shaft while the lower position 00' requires anti-clockwise 
rotation. 



Fig. 440. Fig. 441. 


Taking clockwise rotation, tho position of the valve and the 
positions of the crank and eccentric 
at the end of each quarter of a 
revolution from the initial dead centre 
position of the crank are shown in 
Figs. 440, 441, and 442. Without 
elaborating with further explanations, 
the student should be able to see 



Fig. 442. 


clearly from a study of Figs. 439 to 442 that when a simple slide 
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valve is used without lap or lead the eccentric must be fixed on the 
^ shaft 90° in advance of the crank, also that the steam admission on 
one side of the piston is continuous during the whole of a stroke, 
while the fexhaust is continuous on the other side of the piston for 
the whole of the same stroke. 

Now suppose that the valve is made with outside lap o as shown in 
Fig. 443 where the valve is supposed to bo in its middle position. 
Imagine that the piston is at the left-hand end of its stroke as in 
Fig, 439 and assume that the crank shaft has clockwise rotation. The 
position of the piston requires that the left-hand steam port should be 
just on the point of opening, there being as yet no lead to tho valve. 
Hence, without altering the position of the engine crank, the valve 
must be moved from its middle position a distance o to tho right. This 
displacement of the valve may be attained, apparently, either by 
shifting the valve on its spindle or by shifting the eccentric on the 
shaft. A very little consideration will show that shifting the valve on 
its spindle, although it would enable the piston to start to the right 
under steam, would prevent the piston starting under steam from the 
other end of the stroke. The required displacement of the valve must 
therefore be effected by shifting the eccentric on the shaft as shown in 



Fig. 443 . Fjg. 441 . Fig. 446 . 

Fig. 444, the angle 0 being such that sin 6 = o/r , where r is the radius 
of the eccentric. 

If the valve has lead as well as outside lap a further shifting of the 
eccentric is necessary as shown in Fig. 44o, the angle 0 being now such 
that sin 0 = (o + c) /r. 

The angle 0 through which the eccentric must be advanced on the 
shaft to allow for the addition of outsido kp or lead or both is called 
the angle of adv&nce of the eccentric. 

The effects of the addition of lap or lead or both to a valve on, the 
admission, cut off, release, and compression of the steam in the cylinder 
are best studied by means of a valve diagram , forms of vhich will now 
be explained. 

252. Zeuuer’s Slide Valve Diagram. --Fig. 446 shows part of a 
slide valve together with one steam port and part of the exhaust port. 
The circle X^XY^ Fig. 447, represents the path of the centre of the 
sheave of the eccentric for driving this valve. These two illustrations 
are to the samo scale. In what follows the obliquity of the eccentric 
rod is neglected. In Fig. 446 the valve is shown in three positions, 
(A) the middle position, (B) a position to the right, and (C) a 
position to the left of the middle position. The crank shaft is assumed 
to have clockwise motion as shown by the arrow in Fig. 447. 

The horizontal diameter X t OX is parallel to the line of travel of 
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the valve and is equal to that travel. YOY! perpendicular to 
X^X. When the valve is in its middle position and moving towards 
the right the eccentric is in the position OY. Suppose the eccentric 
to move into tho position OP. A perpendicular PR to OX determines 
OR the distance the valve has moved to the right from^its middle 
position. The new position of the valve is shown at (B). On OP 
make OR' equal to OR. If this construction is repeated for a number 
of positions of the eccentric as it turns from OY to OY x it will be 
found that the locus of R' is a circle described on OX as diameter. 
That this is so is seen when the triangles OXR' and OPR are com- 
pared. These triangles have two sides of the one equal to two sides of 
the other, each to each, and the angle at 0 between them common to 
both. Hence the angle OU'X is equal to the angle ORP which is a 
right angle. The locus of R' is therefore a circle of which OX is a 
diameter. 

In like manner repeating the construction while the eccentric 
turns from OY x to OY and the valve is moving on the left of its 
middle position, the locus of the point L' is the circle described on 0 X 2 



as diameter. By means of these circles on OX and 0X 1? called valve 
circles , the position of the valve for any position of the eccentric can 
be found at once. Eor example, if OQ is the position of the eccentric 
then OL' is the distance of tho valve from its middle position, and 
since OL' is on the circle on OXi the valve is to the left of its middle 
position. 

In studying the operation of the valve the positions of its inner 
and outer edges have to be considered, and each of these has its own 
middle position O shown in Pig. 446. 

If an arc of a circle N X NN 2 be described, with centre O and radius 
equal to the outside lap, cutting the circle on OX at Nj and N 2 , then 
ON x l and ON 2 2 are evidently the positions of the eccentric when the 
valve is just about to open for steam and when just about to close 
respectively. In like manner OM being equal to the inside lap, 03 and 
04 are tho positions of the eccentric when the valve is just about to 
open to exhaust and when it is just about to close respectively. 

The diagram Fig. 447 gives the positions of the eccentric, for the 
critical positions of the valve but a more useful diagram is one which 

\ a a 
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gives the positions of the crank for the critical positions of the valve. 
Now since the crank is 90° + 0 behind the eccentric, where 0 is the 
angle of advance of the eccentric, all that is necessary is that the 
diagram Fig. 44? be rotated backwards through an angle of 90° + 0 
and what were the positions of the eccentric will become the corre- 
sponding positions of the crank. This has been done in Fig. 448 
where the diagram is drawn to 
a larger scale. This is the 
Zeuner slide valve diagram . The 
probable indicator diagram, 
neglecting the obliquity of the 
connecting rod, is shown beneath 
the valve diagram. In general 
the obliquity of the connecting 
rod cannot be neglected, but the 
true positions of the piston cor- 
responding to the crank posi- 
tions 1, 2, 3, and 4 may be found 
as explained in Art. 250, p. 349. 

The construction of the com- 
plete Zeuner valve diagram as 
shown in Fig. 448 may now be 
briefly summarized. AB is 
drawn to represent the travel 
of the valve and also, to a dif- 
ferent scale, the stroke of the 
piston. On AB as diameter 
describe the travel circle ACBD 
of which CD is the diameter at 
right angles to AB. Imagine 
the steam cylinder to be to the 
left of the diagram and place 
an arrow against the travel 
circle to show the direction of motion of the shaft. Draw XOX! 
making the angle 0 with CD, 0 being measured from CD in the 
direction opposite to that of the arrow. The angle 0 may be con- 
structed by making OE equal to the outside lap o and EF equal to the 
lead e and drawing FX at right angles to AB. On OX and OX x 
describe the valve circles. Draw the outside and inside lap arcs. 
The positions 1, 2, 3, and 4 of the crank for admission, cut-off, release, 
and compression respectively may now be determined. Note that a 
circle with centre A and radius equal to the lead will touch the 
straight line 1N2. Make MS equal to the width of the steam port, 
and draw an arc through S with centre 0. Lines through O and the 
points where the arc through 8 cuts the valve circle determine the 
angle KOH through which the crank turns while the steam port is 
full open to exhaust. A similar construction on the other valve circle 
would determine the angle through which the crank turns while the 
steam port is full open to steam, but in the case illustrated the steam 
port is not full opened to steam. The maximum opening of the port 
to steam is NX. 
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Fig. 448. Zeuner valve diagram. 
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The diagram shown in Fig. 448 is for the steam on one side of the 
piston only or for one half of tbe valve. To draw the diagram for the 
other half of the valve the same valve circles are used but the two 
circles and the lines associated with them change places. Note that 
although the laps for one half of the valve may not be the same as 
those for the other, 6 is the same. Hence c + o must be the same for 
both halves of the valve. 

For the sake of clearness tbe valve diagrams for the two ends of 
the cylinder may be drawn separately. 

253. Reuleaux’s Slide Valve Diagram. — Referring back to Fig. 
447 it was shown that for the critical positions of the valve, namely, 
admission, cut-off, release, and compression, the corresponding positions 
of the eccentric are, 01, 02, 03, and 04, respectively, the points 1, 2, 
3, and 4 being obtained by drawing lines 1 2, and 3 4 at right angles to 
XjX or parallel to YY 1 and at distances from YY t equal to the outside 
and inside laps respectively. To obtain the corresponding positions of 
the crank it is only necessary to rotate the diagram in the opposite 
direction to that of the rotation 
of the shaft through an ahglc 
equal to 00° -f- 0, where 0 is the 
augle of advance of the eccentric. 

This gives the IteuJeaux valve 
diagram shown in Fig. 449. If 
this be compared with the Zeu- 
ner diagram shown in Fig. 448 
it will be seen that the two 
diagrams are very much alike, and 
it will be found that problems 
which may be solved by the one 
may be solved by the other 
equally well. 

The steps in the construction 
of the Rouleaux diagram, when 
all the particulars of the valve 
are known, are as follows. Draw AB to represent the stroke 
of the piston and also the travel of the valve. Describe the circle 
ACBD on AB as diameter. Draw the diameter Cl) at right angles 
to AB. Draw XOXi making the angle COX equal to 6 the angle 
of advance of the eccentric, the angle COX being measured from 
CO in the direction opposite to that of the arrow which shows the 
direction of rotation of the shaft. Make ON equal to o the outside 
lap, OM equal to i the inside lap, and MS equal to a the width of the 
steam pbrt. Draw 1N2, 4M3, and HSK at right angles to XX x . 
Then the points 1, 2, 3, 4, II, and K are the same as those similarly 
designated in the Zeuner diagram, Fig. 448. 

If the obliquity of the connecting rod be neglected the positions of 
the piston corresponding to the crank positions 1, 2, 3, and 4 are 
obtained by dropping perpendiculars from these points on to AB. The 
true positions of the piston are quickly found by using the arcs A 2 AA 4 
and B 2 BB 4 as explained in Art. 250, p. 349. 

254. Bilgram’s Slide Valve Diagram. — Referring to Fig. 450, AB 



Fig. 449. — Ueuloaux valve diagram. 
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represents the valve travel and also the piston stroke, and the circle 
described on AB as diameter is the travel circle Suppose that the 
cylinder is to the le£t of the diagram and that the shaft is rotating in 
the direction of the arrow. At (a), Fig. 450, if ON to the right of O 
is equal to the outside lap of the valve and PNQ is at right angles to 
AB, OP is the position of the eccentric at admission and OQ is its 
position at cut-off. 01 and 02, the corresponding positions of, the 
crank ace obtained by measuring backwards from OP and OQ 
respectively the angle 90° + where 6 is the angle of advance of the 
eccentric. If the angle between 10 and 20 produced be bisected by 
OC it will be found that the angle AOC is equal to 0 . Perpendiculars 
CD and CD' drawn to 10 and 20 produced are equal and a circle 
with centre C and radius equal to CD or CD' will touch the lines 10 
and 20 produced. By comparing the triangles Cl^O and ONP it may- 
be proved that CD is equal to ON. The radius of the circle whose 
centre is C and which touches the lines 10 and 20 produced is 
therefore equal to o the outside lap. 



compression. 03 and 04 the corresponding positions of the crank are 
obtained by measuring backwards from OR and OS respectively the 
angle 90° 4- 0. If the angle between 30 produced and 40 be bisected 
by 00 jt will be found, as , before, that the angle AOC is equal to $. 
Also the circle whose centre is C and which touches the lines 30 
produced and 40 has a radius equal to t the inside lap. 

The foregoing am particular cases of general rule, namely, that 
for any position^Uf crank the perpendicular on it from the point 0 
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gives the distance of the valve from its middle position for that position 
of the crank. 

These results lead to the Bilgram slide valve diagram shown in Fig. 
451. ' Assuming that all the particulars of the valve are known and 
that the crank positions for admission, cut off, release, and compression 
are required, the steps in the construction of the Bilgram diagram are 
as follows. Make AOB to represent the valve travel and also the 
piston stroko. On AB draw the travel circle. Draw OC making the 
angle AOO equal to 6. With centre C and radii equal to o and «, the 
outside and inside laps, describe the lap circles. Tangents to these 
circles through O determine the required crank positions as shown. 

If a circle be drawn concentric with the lap circles and at a distance 
from the inside lap circle equal to a the width of the steam port, then 
tangents to this circle through O determine the angle KOII through 
which the crank turns while the steam port is full open to exhaust. 



OL which is less than a is the maximum opening of the steam port to 
steam. 

It may be noted that if CF be drawn at right angles to AB 
cutting the "outside lap circle at E, then EF is equal to the lead of 
the valve. 

255. Slide Valve Problems. — To further illustrate the use of the 
slide valve diagrams which have been described, a few slide valve 
problems will now be worked out graphically. To draw a slide valve 
diagram it is not necessary to know all its elements, but if a sufficient 
number of the elements be given the diagram may be drawn and the 
remaining elements determined. 

As to the type of diagram to use for any particular problem, the 
Reuleaux diagram is in general the most convenient, if the travel of 
the valve is known, although the Zeufier or Bilgram diagrams may also 
be used. If, however, the travel of the valve is unknown the 'Bilgram 
diagram is the one to use for a direct solution. 

Problem I. (Fig. 452). — Given : Position of c^tnk at cut-off, 
105° and at release, 150° from inner dead centre position. Radius of 
eccentric, 3*75 inches. Lead, 0*25 inch. 
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Required : Outside and inside laps and the angle of advance. 

Using the Reuleaux diagram, draw the travel circle AYjBY and 
take the diameter AB as tho line of travel. With centre A and 
radius equal to tho given lead describe a circle. From 2 draw 21 to 
touch this lead circle. Draw Y x OY and 34 parallel to 21. The 
perpendicular distances of Y X Y from 21 and 34 are the required out- 
side and inside laps o and i respectively, and the angle AOY is the 
angle of advance 6. 

o = 2*15 inches, i = 0T>4 inch. 0 = 39° 54'. 

Problem II. (Fig. 453). — Given : Position of crank at cut-off, 
120° from inner dead centre position. Lead, 0*25 inch. Maximum 
opening of port to steam, 1*75 inches. 

Required : Outside lap, and radius and angle of advance of 
eccentric. 

Using the Bilgram diagram, draw the line AO of indefinite length 
to represent tho lino of travel and draw EG parallel to AO and at a 
distance from it equal to the given load. Draw the line representing 
the crank at cut-off and produce it through O indefinitely, cutting EG 
at G. With centre O and radius equal to the given maximum port 
opening describe an arc of a circle as shown. Draw GC bisecting the 
angle EGD'. The required lap circle touches the maximum port 
opening arc at L, the line EG at E, and tho line GD' at D'. The 
centre C of the lap circle lies on the line GC. There is no simple 
direct construction for finding 0, but it may be found readily and 
with great accuracy by trial. 

o = 1*49 inches, r = OC = 3*24 inches. 0 = 32° 29'. 

Problem III. (Fig. 454). — Given : Travel of valve, 7*2 inches. 
Lead at both ends, 04 inch. Outside lap at both ends, 2 inches. 
Inside lap at both ends, 0*6 inch. Length of connecting rod equal to 
twice stroke of piston. 

Required : Percentage of stroke of piston at cut-off, release, and 
compression, of steam on both sides of piston. 

Using the Reuleaux diagram, draw the travel circle AYjBY and 
take the diameter AB as the line of travel. With centre A and 
radius equal to the given lead describe a circle. With centre O and 
radius equal to the given outside lap describe another circle. The line 
12 touching these two circles determines 2, the position of the crank 
pin at cut-off for the cover side of the piston. The line 2'1' parallel 
to 12 and touching tho outside lap circle determines 2', the position of 
the crank pin at cut-off for the crank side of the piston. 

With centre O and radius equal to the given inside lap describe 
a eircle. Tangents to this inside lap circle parallel to 1 2 determine 
3 and 3' the positions of the crank pin at release for the cover and 
crank sides of the piston respectively, and also 4 and 4' the positions 
of the crank pin at compression for the cover and crank sides of the 
piston respectively. 

* Arcs of circles having a radius equal to twice AB and having 
their centres in BA produced and passing through the above-mentioned 
crank pin positions determine the corresponding piston positions C, C', 
R. R\ 3 and S'. 
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The required results are as follows ; — 

Cover side of piston. 

AG 

Cut-off = \ ' x 100 = 68*1 per cent. 
AB 


AR 

Release = . x 100 = 93*9 per cent. 

AB 1 

BS 

Compression = x 100= 77*2 per cent. 

Crank side of piston. 

BC' 

Cut-off = p ^ X 100 = 56*5 per cent. 

UTi' 

Release = . x 100 = 90-7 per cent. 

BA 

A S* * 

Compression = - x 100= 84*7 per cent. 

A J y 

AOY is the angle of advance of the eccentric, YOYj being parallel 
to 1 2. 



Fig. 454. 


Flg. 455. 


Problem TV. ( Fig. 455). — Given : Travel of valve, angle of advance 
of eccentric, and length of connecting rod the same as in Prob. III. 
Cut-off on both sides of piston to be tho mean of the cut-offs found 
in Prob. III. Release on both sides of piston to be the mean of the 
releases found in Prob. III. 

Required : Outside and imside laps, and leads, for both ends of 
valve, also points of compression for both sides of piston. 

The mean of the two cut-off's found in Prob. III. is 


68*1 + 56*5 

■j 


62 ‘3 per cent. 


Make AC and BC' each equal to 62*3 per cent. oE AB. 
The mean of the two releases found in Prob. III. is 


93 90-7 
•>. 


92*3 per cent. 


3 
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Make AR and BR' each equal to 9 2- 3 per cent, of AB. 

Allowing for the obliquity of the connecting rod the crank pin 
positions 2, 2', 3, and 3' corresponding to the piston positions C, C', R, 
arid R' are next found. 


YYi is drawn making the angle AOY the same as found in 
Prob. III. Lines through 2, 2 3, and 3' parallel to YOY, determine 
the leads e, e\ and laps o, o\ ?, and i'. Piston positions S and S' at 
compression are found from the crank pin positions 4 and 4'. 

The required results are as follows : — 

Cover end . — Lead e = 0 04 inch. Outside lap o = 2*36 inches. 


Inside lap i = 0*33 inch. Compression = x 100 = 80*6 per cent. 


Crank end . — Lead e! = 0*76 inch. Outside lap o' = 104 inches. 

AS' 

Inside lap i' = 0*8 inch. Compression = x 100 = 83-1 per cent. 


256. Consequences of Early Cut-off with Slide Valve and Single 
Eccentric. — An examination of a valve diagram for a slide valve, 
driven directly by a singlo eccentric, 
when the cut-off is, say, at quarter 
stroke, shows that there are several 
disadvantages attending an early cut-off 
by this means. Referring to Fig. 456, 
which is the lieuleaux diagram for a 
slide valve arranged to cut-off at quarter 
stroke, neglecting the obliquity of the 
connecting rod, it is seen that the 
maximum port opening NX is very 
much reduced from what it would be 
with a cut-off at, say, three-quarter 
stroke with the same lead and valve 
travel. The consequence of this is a 
throttling of the steam as it enters the Fig. 456. 

cylinder. 

Another point to observe is that at cut-off the eccentric radius is 
inclined at a small angle to the line of valve travel and the velocity 
of the valve is therefore much less than its maximum velocity which 
'"occurs when the eccentric radius is at right angles to the line of valve 
travel, neglecting the obliquity of the eccentric rod. The result of 
this is an absence of sharpness in the cut-off and a further throttling 
of the steam. 



It will also be seen that the necessarily large angle of advance of 
the eccentric necessitates a large inside lap in order to avoid a too 
early release and a consequence of this is a large amount of com- 
pression duiing the return stroke# 

In practice the slide valve driven directly by a single eccentric is 
seldom designed to cut off earlier than half stroke. 

257. The Meyer Expansion Valve — An early cut-off is very advan- 
tageously obtained by the use of a supplementary slide valve working 
on the back of another. The supplementary valve controls the cut-off 
only and is called the expansion valve , the other being called the main 
valve. The functions of the main valve are to control the admission. 
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release and compression. The two valves are driven by separate 
eccentrics. Of this type of valve combination the Meyer design has 
been largely used especially when arranged for variable expansion. 

The Meyer arrangement for variable expansion is shown in Fig. 457. 
AB is the main valve, the central part CD being an ordinary slide 
valve. The extensions of the main valve beyond the central part 
provide two ports through which the steam must pass before entering 
the steam ports leading into the cylinder. The main valve has outside 
lap o and inside lap i and is designed with the eccentric which drives 
it to given definite admission, cut-off, release, and compression, the 
cut-off being a late one generally not less than about three-quarter 
stroke. These operations of the main valve are not subject to 
alteration. 

The expansion valve on the back of the main valve consists of 
two main parts which arc flat plates M stiffened by ribs .and carrying 
nuts N engaging with square-threaded screws T and U on the expan- 
sion valve spindle S#. Of the two screws T and U, one is right- and 
the other left-handed. The main and expansion valves may or may 



Fig. 457. — Meyer expansion valve. 


not have the same travel but their eccent rics have different angles of 
advance. While the main eccentric may have an angle of advance of, 
say, 30 rt , the expansion eccentric will have an angle of advance in the 
neighbourhood of 1)0°. 

Provided that the total width w over the expansion plates is 
sullicient the relative motion of the two valves will' cause the ex- 
pansion valve to cover alternately the ports in the main valve and 
therefore cut-off* the steam to the cylinder although the main valve 
may be open to steam. The action of the expansion valve will be 
more fully understood when the valve diagrams discussed in the next 
Art. are considered, but for the present it may be stated that the point 
at which the steam is cut off by the^expansion valve may he varied by 
altering the width w. 

In Fig. 457 the main and expansion valves are shown each in its 
middle position although when working they are never simultaneously 
in that position. The valves being in the position shown in Fig. 457, 
the distance k between an outer edge of the expansion valve and the 
edge of the port in the main valve with which it coincides at cut-off by 
the expansion valve will for brevity be called the gap of the expansion 
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valve. As shown in Fig. 457 the gap is positive but it may be nega- 
tive. The gap is negative when the expansion valve overlaps the ports 
in the main valve, both valves being in their middle positions. 

At cut-off by the expansion valve it is evident that the difference 
between the distances of the valves from their middle positions must 
be equal to the gap. The gap may be varied by rotating the expansion 
valve spindle. For each particular cut-off by the expansion valve there 
is a particular value for the gap and it will be shown in the next Art. 
how this value may be obtained. 

Fig. 458 shows an arrangement for altering tho gap by hand, its 
operation being independent of whether the engine is running or not. 
An extension s of the expansion valve spindle passes through a stuffing- 
box to the outside of the valve chest and then through a sleeve E 
carried by a bracket K which is fixed to the outside of the valve chest. 
For about half its length the hole in the sleeve is square, and for part 
of its length the spindle « is also square and is a sliding fit in the 
square hole in the sleeve. A hand wheel H is keyed to the sleeve 
and is further secured by a nut G which is extended to form a cap to 



guard the end of the reciprocating spindle. This arrangement enables 
the valve spindle to be rotated without interfering with its freedom 
to reciprocate. To permit of tho rotation of the valve spindle a 
swivel joint, such as is shown at (nr) in Fig. 457, is provided at its 
other end. 

The central part of tho sleeve E is screwed externally and works 
in a nut F, which may slide but is prevented from rotating by a pro- 
jection which fits into a groove in the plate V. The position of the 
nut F is shown on a scale engraved on the index plate P, and since 
this position corresponds to a particular gap of the expansion valve 
and also to a particular cut-off, it is this cut-of which is marked on 
the scale. 

The changes in the form of the indicator diagram due to changes 
in the gap of the expansion valve are exhibited in Fig. 459. It will 
be noticed that A, R, and S, the points of admission, reloase, and 
compression, which are controlled by the main valvo, occupy the same 
positions in the stroke for different positions of C, the point of cut-off 
which is controlled by the expansion valve. 

258. Zeuner Diagram for Meyer Expansion Valve.— The design 
and operation of the Meyer expansion valve may be conveniently 
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studied by means of the Zeuner valve diagram. Referring to Fig. 460 
the circles on OX and OX t as diameters are the valve circles for the 
main valve, 0 being the angle of advance of the main eccentric. The 
circles on OV and OV x .as diameters are the valve circles for the ex- 
pansion valve, being the anglo of advance of the expansion eccentric. 

Let OP be any position of the crank cutting the expansion valve 
circle at L and the main valve circle at M, then for this position of 
the crank the distance of the main valve from its middle position is 
OM and the distance of the expansion valve from its middle position 
is OL. Therefore LM is the relative displacement of the expansion 
valve on the main valve, the relative displacement being measured 
from the position where both valves arc central as in Fig. 457. 
Hence if cut-off by the expansion valve takes place when the crank 
is in the position OP, the gap 1c (Pig. 457) must be equal to LM. 

To find the position of the crank at cut-off by the expansion valve 
for a given value of k is not quite so simplo with the diagram as drawn 
in Fig. 460, but it may readily be found by trial. 

By the addition of another circle to the diagram in Fig. 460 it is 



improved in that the crank position at cut-off by the expansion valve 
for a given value of k may be found directly. Referring now to Fig. 
461 in which the valve circles in Fig. 460 are repeated, draw OZ 
parallel to VX, and XZ parallel to V O, thus forming a parallelogram 
O VXZ. On OZ as diameter describe a circle. Produce ZO to Z L and 
make OZ A equal to OZ. On OZ A as diamoter describe a circle. These 
two additional circles are called relative motion circles and are the 
valve circles for the expansion valve if driven by an imaginary 
eccentric which gives to the expansion valve the same motion as 
before in relation to the main valve, but the main valve is now sup- 
posed to be at rest. Take any position OP of the crank cutting the 
various circles at L, M and N as shown. Join VL, XM, and ZN. 
The three lines VL, XM, and ZN are perpendicular to OP since 
angles in semicircles are right angles. LM is the projection of VX 
on OP and ON is the projection of OZ on OP, but OZ is equal and 
parallel to VX, therefore ON is equal to LM. The main and expan- 
sion valve circles may now be discarded and the relative motion circles 
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used to find the relative displacement of the expansion valve on tho 
main valve for a given crank position or conversely. 

The following obvious results should be noted. (1) If cut-off by 
tho expansion valve takes place when the crank is in the position OP 
then k must be equal to ON. (2) If a circle be described with centre 
0 and radius ON cutting the same relative motion circle again at n, 
then Onp is the position of the crank^when the expansion valve is 
just about to uncover the port in the main valve. (3) Tf lc is greater 
than 0 Z the expansion valve will not close the port in the main valve 
for any position of the crank. (4) When the crank position, for cut- 
off by ^the expansion valve, is tangential to the relative motion circles 
at O the value of k is nothing and for earlier positions of the crank 
for cut-off in the same stroke the values of k are negative. 

The construction for finding the divisions of the scale on the index 
plate P in Fig. 458 is shown in Fig. 462. The circle described on OZ 
as diameter is the relative motion circle and AB represents the stroke 
of the piston. For clearness the main and extension valve circles and 
the construction for finding OZ 

are omitted. For the case EIGHTHS OF STROKE Ab 


worked out in Fig. 462 the 
travel of the main valve is 3-2 
inches, the travel of the expan- 
sion valve is 3*6 inches, 0 = 30° 
and = 90°. The obliquity 
of the connecting rod is neg- 
lected. The values of k are 
transferred to O A as shown and 
the numbers attached are tho 
corresponding points of cut-off in 
eighths of the stroke of the 
piston. The actual values of k 
in inches are found from the 



scale at the bottom of the diagram, OT is the crank position when k is 
zero, and OP is a crank position corresponding to a negative value 


of k . 


It is obvious that the latest effective cut-off by the expansion valve 
cannot be later than the cut-off by the main valve. 

In order that the scale of gaps for the various cut-offs determined 
above may be the one to engrave on the index plate P, Fig. 458, it is 
necessary that the pitch of the screw on the sleeve E be the same as 
that of the screws on the expansion valve spindle. If it is desired to 
use on E a different pitch of screw all that is required is that the 
scale as determined above be altered in the ratio of the pitch of the 
screw on E to the pitch of tho screws on the expansion valve spindle. 

When the obliquity of the connecting rod is allowed for, it is of 
course found that the gaps of the expansion valve are different for the 
same points of cut-oif on the two sides of the piston. There are several 
ways of approximately equalizing tho gap scales for the two strokes. 
One way is to take the mean gap for each particular cut-off as the gap 
to be used in constructing the scale for the index plate. Another way 
is to construct the scale to suit one stroke and alter the position of tho 
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expansion plate for the other stroke so that both plates have the correct 
gaps for one particular cut-off, say that at which the engine will most 
frequently run. The gaps of the two expansion plates will then have 
a constant difference. The constant difference may also be selected 
after an inspection of the various differences between the correct gaps 
for the respective cut-offs, that difference which seems to give the best 
average result being selected. 

Care must be taken in designing a Meyer expansion valve that the 
width of the expansion plates is sufficient to prevent the ports in the 
main valve becoming uncovered, at the inside edges of the plates, 
after the earliest cut-off and before cut-off by the main valve. Let m 
denote the minimum width of plate to prevent 
readmission of steam before cut-off by main 
valve, K the relative motion of the expansion 
valve on the main valve at cut-off by the main 
valve, k 1 the value of the gap k for the earliest 
cut-off*, and a the width of the ports in the 
main valve, then from Fig. 46)5 it is evident Fin. 463. 

that m = K — /<q + a. 

259. Movable Eccentric.— An eccentric sheave may be attached 
to the crank shaft in such a way that the position of its centre may 
be readily varied so as to alter the point of cut-off in the cylinder, and 
by carrying the displacement of the sheave far enough the engine may 
be made to run in the reverse direction. An arrangement of this 
kind, to be altered by hand when the engine is at rest, is shown in 
Fig. 464. The eccentric sheave 0 has two 
slots in it, one to clear the shaft S and the 
other to clear a bolt B which passes through 
a flange F forged on the shaft. Cj and C 2 
are the extreme positions of the centre, of 
the sheave, Cj being for full power forward 
and C 2 for full power backward. The thick 
line KO shows the position of the crank in 
relation to that of the eccentric. The face 
of the flange F next to the sheave is 
machined so as to leave a broad parallel pro- 
jection n on it which fits into a correspond- 
ing recess on the back of tho sheave ; this 
forms the driving connection between the 
flange and the sheave. The sheave may be 
moved across the flange F in tho direction 
0 ^ 2 , at right angles to the crank, within the 
limits of the two slots, and when in position is secured by the bolt and 
nut as shown. The distance ON is the same for ail positions of the 
sheave and since ON is equal to the outside lap plus the lead it follows 
that the lead is constant. When the sheave is shifted its eccentricity 
is altered and so is its angular advance. By means of valve diagrams 
drawn for different positions of the eccentric it will be found that 
the nearer the centre of the sheave is to the point N then the earlier 
will be the points of cut-off, release, compression, and admission. 

The position of the movable eccentric is sometimes controlled by a 
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powerful shaft governor, the bolt B being then absent. When so con- 
trolled the path of the centre of the sheave is generally an arc of a 
circle and the lead is then not constant. 

260. Link Motions. — When a slide valve is driven directly by an 
eccentric it has been shown that the eccentric is in advance of the 
crank by an angle equal to 90° + 0 where 6 is the angle of advance of 
the eccentric. The engine may be reversed by shifting the eccentric, 
but by using two eccentrics, one for forward and the other for back- 
ward motion, in conjunction with a simple and ingenious mechanism 
forming what is called a link motion , a much more convenient arrange- 
ment is obtained. The link motion is used not only for reversing an 
engine but also for varying the power developed by it, by altering the 
points of admission, cut-off, release, and compression. There are throe 
principal types of link motion, the Stephenson , the Gooch , and the Allan ^ 
which will now be described. 

261. Stephenson Link Motion. — The link motion most commonly 
used is the Stephenson link motion which is shown in Fig. 465. K is the 



crank and C x and C 2 are the forward and backward eccentrics respec- 
tively which are lixed side by side to the crank shaft. The eccentrics are 
connected by eccentric rods andll 2 to the piece L called the link . 

The link L is suspended by suspension rods S, one on each side of 
the link, from the end of the arm A which may be keyed, but is best 
forged, to the reversing shaft H. A weight w on the arm a, also 
attached to the reversing shaft, counterbalances the torque on IT due 
to the weight of the link and eccentric rods. ^ is the reversing 
lever attached to the reversing shaft and operated from the cab 
through the rod Q. A rod s which is an extension of the slide valve 
spindle is forked to clear the link and carries a block B which fits into 
a slot in the link which is curved concave towards the crank shaft. 
The radius of the curved centre line of the slot in the link is equal to 
the length of the eccentric rods, the length ^of an eccentric rod being 
measured from the centre of the eccentric gijeave to the point inhere 
the centre line of the rod cuts the centre lin#cf the slot in the link. 

When the link L is moved so that the outer end of the eccentric 
rod B-! is as near as it can be to the block B the valve is practically 
operated by the forward eccentric, the backward eccentric having then 
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little influence on the motion of the valve, and when the link is moved 
so that the outer end of the eccentric rod R 2 as near as it can be to 
the block B the valve is practically operated by the backward eccentric, 
the forward eccentric having then little influence on the motion of the 
valve. For intermediate positions of the link the valve has a reduced 
travel its motion being influenced by both eccentrics, the eccentric 
whose rod is nearest to the block B having the greater influence. It 
will be pointed out later that for intermediate positions of the link the 
motion of the valve is approximately that due to a single imaginary, 
eccentric having an eccentricity and an angle of advance depending on 
the position of the link in relation to the block. 

Various designs of link are used apart from the features which 
distinguish the Stephenson, Gooch, and Allan link motions from one 
another, and there $re also differences in the positions of the joints of 
the link and eccentric rods and also in the position of the joint of the 
link and the suspension rods. Jn Fig. 465 the link 
is a slotted link and the joints of the link and eccentric 
rods are on tho centre Jine of the slot in the link. 

Fig. 466 shows a slotted link in which the joints 
between the link and the eccentric rods are placed 
behind the slob of the link. The advantage of this 
design is that the outer ends of the eccentric rods may 
he brought exactly opposite to the link block which is 
not the case with tho design in Fig. 465. Eccentrics 
of greater eccentricity are required for the design of 
link shown in Fig. 465 than for that shown in Fig. 466. 

In Fig. 465 the suspension rods are jointed to the link at the centre 
of the latter while in Fig 406 the joint is at the* bottom of the link. 
Longer suspension rods may be used with the design of Fig 466 which 
is an advantage, but with the design of Fig. 465 the motions of the 
valve in forward and backward gear are more nearly alike. 

The form of link most commonly used in marine engine practice ia 



Fia. 467.— Marine engine link motion. 


shown in Fig. 467. In this design the link consists of two curved steel 
bars L separated by distance pieces and bolted together at the ends as 
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shown. The block B is a steel forging, its centre forming the pin for 
the joint to the valve spindle. The block B is provided with gun-metal 
strips b which bear on the edges of the bars forming the link. The 
pins for the eccentric rods K 1 and 1\* 2 and suspension rods 8 are forged 
on the link bars as shown. 

262. Qooch Link Motion.— The difference between the Stephenson 
and the Gooch link motions is that in the former the link is shifted in 
relation to the block, which has no motion except in the line of the 
valve spindle, while in the latter it is the block which is shifted, the 
link being suspended from a fixed point. 

The Gooch link motion is shown in Fig. 468. The parts which 



Fig. 468. — Gooch link motion. 


have the same lettering as those in Fig. 465 have the same names and 
serve the same purposes. 

The link L shown in Fig. 468 is of the box type but this type of 
link is not a necessary feature of the Gooch link motion. A box link 
consists of two curved bars of channel section bolted together at their 
ends. An enlarged cross section of the link and block is shown at («). 
The block B is in two parts mounted on a pin fixed in one end of the 
radius rod r. The radius rod r is coupled to an extension of the valve 
spindle and is also suspended by the rod Sj from the arm A on the 
reversing shaft IT. By turning the reversing shaft the radius rod is 
made to swing and bring the link block into any position within the 
link. The radius of the curved centre line of the link is equal to the 
length of the radius rod. Et will be observed that the Gooch link is 
convex towards the crank shaft whereas the Stephenson link is concave. 
263. Allan Link Motion. — By arranging to move the link and the 



Fig. 469.— Allan link motion. 


link block simultaneously in opposite directions when changing gear, 
the Allan link motion shown in Fig. 469 is obtained. The Allan link 
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motion may be looked upon as a combination of the Stephenson and 
Gooch link motions. The link, it will be seen, is straight and is 
suspended from one end of a lever A on the reversing shaft H while 
the radius rod r is suspended from the other end of that lever. By 
turning the reversing shaft the link and block are moved in opposite 
directions into their required relative positions. 

264. Open and Crossed Eccentric Rods. — The crank being in its 
outer dead centre position, if tho eccentric rods are as shown in 
Fig. 470 the arrangement is called one of open eccentric rods , while if 



Fig. 470. Fig. 471. 

the eccentric rods are as .shown by the thick dotted lines the arrange- 
ment is called one of crossed eccentric rods. These definitions do not 
imply that open rods do not become crossed or that crossed rods do not 
become open as tlio crank shaft rotates. In fact, as is shown in 
Fig. 471 where the crank shaft has made half a turn, the open rods 
become crossed and the crossed rods open, but in defining open and 
crossed rods the crank is placed as in Fig. 470. 

265. Equivalent Eccentric.— If the motion of a slide valve whose 
line of travel is a prolongation of the 
line XOX, Fig. 472, is such that it is 
the sum of the harmonic motions due 
to two eccentrics OA and OB, which 
include a constant angle AOB, then 
the motion of the valve is the same as 
the harmonic motion due to an eccen- 
tric OC which is a diagonal of the 
parallelogram AOBC. This is proved 
as follows. 

The lines A a, B 6, and C c are perpendicular to XX. Since equal 
parallel lines have equal projections on the same line, Oa, the projec- 
tion of OA on XX, is equal to be the projection of BC on XX. But 
6c = 60 + Oc. Therefore, Oc = Oa — Ob. 

Let all three eccentrics be turned through equal angles in the 
same direction into the positions denoted by the accented letters. 
Then Oa' = b V = 6'0 — Oc'. Therefore, Oc' = 01/ — Oa'. Hence, 

Oc + Oc' = Oa — Oa' + Ob' — 06, that is cc ' = an' + 66'. 

But cc' is the distance the valve is moved if driven by the eccentric 
OC, and aa ' + 66' is the distance tho valve is moved if its motion is the 
sum of the motions in the line XX due to the two eccentrics OA 
and OB. 

The eccentric OC is called the equivalent eccentric of the two 
eccentrics OA and OB. 

If a long lever or link MN (Fig. 473) is made to swing about the 

2 B 




370 


HEAT ENGINES 


end N by means of an eccentric OA and a long eccentric rod AM, 
arranged as shown, and if a slide valve, whose line of travel is 
horizontal and passes through V, is connected to the lever at V, then 
the same motion will evidently be given to the valve by an eccentric 
oa connected to V by a long eccentric rod aV, arranged as shown, 


oa being parallel to OA and equal to O A x • 

Again, if the valve is driven by making MN swing about the end 
M (Fig. 474) by means of an eccentric OB and a long eccentric rod 



Fig. 473. Fig. 474. Fig. 475. 


BN the same motion may be given to the valve by an eccentric oh 
connected to V by a long eccentric rod hV, oh 

and equal to OB x . 

^ MN 


being parallel to OB 


Now if the valve be driven by means of the link MN and the two 
eccentrics OA and OB acting simultaneously, the link MN being 
suspended so that its ends move under the action of the eccentrics in 
approximately horizontal lines, the motion of the valve will be the sum 
of the motions of the two eccentrics oa «md oh applied directly to the, 
valve. Applying the construction already given the eccentric OC 
(Fig. 475) equivalent to the two eccentrics 0 a and Oh is found. If the 
eccentrics OA and OB be added in Fig. 475 and AB be joined it 
will be found that the point C lies on AB and divides AB so that 
AC : BC : : MV : NV. 

Particular notice must be taken of the fact that the equivalent 
eccentric OC (Fig. 475) has been found on the assumption that the 
eccentrics OA and OB are on separate shafts rotating at the same 
speed in the same direction and at the levels of M and N respectively. 

Coming now to the equivalent eccentric for the case of two 
eccentrics and an ordinary link motion, Figs. 476 to 479, the iirst step 
is to find the two eccentrics which, placed on separate imaginary shafts 
at the levels M and N, are equi valent to the eccentrics OA and OB 
respectively on the actual shaft. Keeping the crank OK horizontal 
and raising or lowering the eccentric OA until the line MO is horizontal 
will alter the angle of advance of OA from 6 to 0 ± a, the plus sign 
being taken for open rods and the minus sign for crossed rods. Also, 1 
since the travel of M, due to the eccentric OA on the actual shaft, is 
greater than twice OA, the eccentric to take the place of OA at the 
level of M will require a greater eccentricity. 


1 See the Author’s “ Applied Mechanics,” Art. 269. 
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Tn Figs. 476 and 479 Oa is the eccentric which, placed at the level 
of M, will be equivalent to the eccentric OA on the actual shaft. The 
length of Oa is obtained very approximately by drawing A a at right 
anglos to OA. The eccentric Ob which, placed at the level of N, will 
be equivalent to the eccentric; OB on the actual shaft is obtained in*.. 



the same way, the angle of advance being 0 ± /3. Joining ab and 
dividing it at C so that aC : bC : : MV : NV, as in Fig. 475, the 
required equivalent eccentric OO is obtained, the length OC being its 
eccentricity and the angle </> its angle of advance. If the construction 
be repeated for different positions of the link MN it will be found that 
the locus of 0 is very approximately an arc of a circle ACB and C 
divides this arc so that AO : BO : : MV : NV. The arc ACB may 
be readily drawn after finding one intermediate position of C, preferably 
the position O 0 for mid gear. 

In Mr. Macfarlanc Gray’s construction for finding the equivalent 

AB x AM 

eccentric, the arc ACB is drawn with a radius equal to - — and 

UMN 

the arc is then divided at C so that AC : BC : : MV : NV. 

Tt will bo observed that for open rods the arc ACB is concave 
towards the crank shaft while for crossed rods it is convex. 

Having found the equivalent eccentric, a Zeuner or other valve 
diagram may bo drawn and the critical points in the operation of the 
valve determined. 

Since the projection of OC (Figs. 476 and 479) on the horizontal 
line through 0, the line of travel of the valve, is equal to the lead plus* 
the outsido lap, it is evident that in passing from full gear to raid gear 
tho lead increases with open rods and decreases with crossed rods. It 
is also evident that when crossed rods are used the proportions of the 
gear must be altered to get approximately the same distribution of 
steam as with open rods, in particular the angle of advance 6 must be 
considerably increased. 
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266. Radial Valve Gears. — In the various link motions which 
have been described, two points in the link receive motions from two 
separate eccentrics and the valve is connected to a third intermediate 
point whose position in the link, is variable, such position deciding the 
direction of rotation of the crank shaft and the travel of the valve and 
consequently the ratio of expansion, compression, etc. 

The common feature of what are called radial valve gears is a link, 
generally straight, in which one point M is made to move over a con- 
stant path, which is a closed curve, by means of an eccentric or crank 
either directly or through a combination of rods or links ; another 
point N in the link is made to move over a path which may be varied, 
and to a third point V in the link the valve is connected. The points 
M, N, and V are at fixed intervals apart. In some gears V is between 
M and N while in others it is beyond N. It is by varying tho path of 
N that the travel of the valvo and the direction of rotation of tho 
crank shaft are altered. Most commonly the point N is simply con- 
strained to move in a straight line or in an arc of a circle and M is the 
only point in the link which is actually driven, and it is by varying the 
inclination of the guide of the point N that the travel of the valve 
and the direction of rotation of the crank shaft are changed. 

267. Radial Valve Gears of the Hackworth Type. — The credit for 
the introduction of radial valve gears is generally given to J. W. Hack- 



Fig. 480.— Hackwortli valve gear. Fig. 481.— Marshall valve gear. 


worth of Darlington who patented in 1859 the gear shown in Fig. 480. 
OK is the crank of the engine and OM is an eccentric on the crank 
shaft and set exactly opposite to the crank. MN is a link of which 
the end M embraces the eccentric sheave while tho other end N 
embraces a pin carrying two blocks which slide between two guide 
bars, TU. being one of these guides. The guide bars are in one with 
an axle, the whole being like a cranked axle, capable of turning in 
bearings of which C is the axis. The valve spindle is jointed to the 
upper end of the valve spindle link r whose lower end is jointed to the 
link MN at V. The inclination of TU may be varied by means of 
the worm wheel quadrant and worm shown. The travel of the valve 
is greatest when tho inclination of TU to the line of piston stroke is 
least. As shown in Fig. 480 TU is set to full gear for clockwise 
motion of the crank shaft. At mid goar, for which the travel of the 
valve is least, TU is at right angles to the line of piston stroke. To 
reverse the direction of rotation of the crauk shaft TU is inclined the 
other way. 

The Marshall valve gear (Fig. 481) is a modification of the 
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Hackworth gear. The path of N is made an arc of a circle instead of 
a straight line. This is done by suspending N from the upper end of a 
radius arm D by a swinging link S. The inclination of TU, the path 
of N, is varied by changing the position of the radius arm which is 
capable of turning about the axis C. This turning may be effected by 
means of a wormwhcol quadrant and worm or by other obvious means. 

The Bremme valve gear differs from the Marshall gear in that the 
point V is beyond N instead of being between M and N ; also the 
centre of the eccentric sheave is ou the same side of the crank shaft as 
the crank. Fig. 482 is a centre line diagram of the gear, while Fig. 



483 Is a sectional elevation showing the forms of the various rods. 
For simplicity the crank is placed in the upper dead centre position in 
Fig. 483 and the radius arm D is in the vertical or mid-gear position. 
The gear is shifted by means of the reversing lever R, the arm J, and 
the drag link L. 

Valve gears of the Hackworth type are generally proportioned so 
that, when the crank is in either dead centre position, N coincides with 
C. From this it follows that the position of the valve at the beginning 
of a piston stroke is not affected by the inclination of TU. Hence the 
lead for either stroke is constant, but of course the lead for one stroke 
need not be the same as for the other. 
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268. Joy Valve Gear. —Fig. 484 shows the Joy radial valve gear 
as applied to a locomotive. A point of resemblance of this gear to the 
Hack worth type is that the point N of the characteristic link MN is 
guided in an arc of a circle by means of a double guide TU similar to 
that used in the Hackworth gear (Fig. 480) except that it is curved 
instead of being straight. This guide is capable of turning in bearings 
about the axis 0 and, as in gears of the Hackworth type, it is by vary- 
ing the slope of TU that the travel of the valve is altered and the 
direction of rotation of the crank shaft reversed. It is the reversing 
lever attacliod to the guide TU. 

No eccentrics are used in the Joy valve gear. The motion of M. is 
derived from a point E in the connecting rod G by being jointed to a 
link EF one end of which is jointed to the connecting rod at E while 
the other end is guided in an arc of a circle, which is approximately p, 



vertical line, by means of the oscillating link Q. The path of M Is 
roughly the same as would be obtained by means of an eccentric placed 
as in the Brownie gear. The actual path of M is the curve p whereas 
in the Bremme gear it is a circle. 

In the Joy goat as in gears of the Hackworth type if the links are 
proportioned so that N coincides with (J when the crank is in either 
dead centre position then the lead of the valve is constant for all 
inclinations of TU. 

The radius of the curved centre line of TU is generally equal to 
the length of the valve spindle link r. 

269. Walschaert Valve Gear. — Fig. 485 shows the Walschaert valve 
gear as applied to a locomotive. This gear has been extensively used on 
locomotives on the Continent of Europe and is becoming increasingly 
common in locomotive practice throughout the world. 

The characteristic link MN is driven at M from the engine cross- 
head through the link HM. The point N in the characteristic link is 
driven by what may be described as a Gooch link motion with only 
one eccentric. In outside cylinder locomotives it is more convenient 
to use a return crank to form the equi valent of an eccentric. In Fig, 
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485 OCj the equivalent of an eccentric is formed in this way. The 
link L is a Gooch link supported in fixed bearings in brackets B as 
shown. 

The variation in the travel of the valve is obtained by moving the 
radius rod r by means of the revorsing lever R, the arm A, and the 
suspension link S, as in the Gooch link motion. Reversal of the direc- 
tion of rotation of the crank shaft is effected when the link block 
carried by the rod r is moved to the other side of the axis about which 
the link oscillates. 

The position of the eccentric OGj for constant lead is found as 
follows. The crank OK being in a dead cent re position and the link 
L being so placed that the link block may be moved from one end of 



the link to the other without moving the valve, then OC x is at right 
angles to OF. 

270. Displacement Curves of Valve Gears -Correct Valve 
Diagram. — Drawing a centre line diagram of any valve gear and 
placing the crank in a considerable number of equidistant positions, 
preferably twenty-four, the loci of the various joints may be drawn and 
the actual displacement of the valve from its middle position for each 
numbered position of the crank may be determined. 

Fig. 486 shows the curve traced by the lower end of the valve rod 
link of the Bremme gear shown in Fig. 482. The points numbered 1 
to 12 correspond to the crank pin positions numbered 1 to 12 on the 
circle in Fig. 487. Referring to Fig. 486, YY is in line with the axis 
of the valve rod and from centres in this line and with a radius equal 
to the length of the valve rod link, arcs ab , cd , and XX are described. 
ab and cd are tangential to the curve and XX bisects bd. In the case 
illustrated the valve rod link is so long that the arcs ab, cd, and XX 
are nearly straight lines. 

The distances of the points 1, 2, 3, etc. (Fig. 486^, from XX 
measured in the direction parallel to YY are the distances of the 
valve from its middle position when the crank pin is in the positions 
1, 2, 3, etc. (Fig. 487), respectively. 
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Taking the vertical diameter of the crank pin circle to represent 
the piston stroke, the corresponding positions of the piston are found 
in the usual way (Art. 250, p. 349) and from these the corresponding 
valve displacements are marked off at right angles to the line of 
piston stroke. A fair curve drawn through the points thus deter- 
mined, together with straight lines parallel to the line of piston stroke 



and at distances from it equal to o t i ) o -f- c, etc., as shown, gives the 
oval or elliptical valve diagram from which the action of tho valve may 
be fully determined. The points ], II, [IT, and TV give the piston 
positions at admission, cut-off, release, and compression respectively for 
the top of the piston, while I', IT, III', and IV' are the same points 
for the bottom of the piston. 

Note that the inside lap fur 
the top is negative in the case 
illustrated. 

For a slide valve driven 
directly by a single eccentric 
the valve rod link becomes the 
eccentric rod and the curve of 
Fig. 486 becomes a circle whose 
radius is equal to the eccen- 
tricity of the eccentric. hi that 
case if the obliquities of the ec- 
centric rod and the connecting 
rod are neglected the oval 
shaped curve in Fig. 487 be 
comes a true ellipse called the 
valve ellipse. 

A compact construction for drawing the valve ellipse is shown in 
Fig. 488. 6 is the angle of advance of tho eccentric, in this case 30°. 
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The points I, II, III, and IV give the piston positions at admission, 
cut-off, release, and compression, respectively, for one side of the piston. 
In practice the scale for the valve displacement should, in general, 
be full size while the scale for the crank pin circle should be con- 
siderably less than full size. 

The oval or elliptical valve diagram is very suitable for testing a 
valve gear after it has been designed but in the preliminary design of 
the gear it is not so convenient as the other valve diagrams which 
have been described. 

271. Equivalent Eccentric of Radial Valve Gears.— In Art. 265, 
p. 369, it has been shown how to determine the radius and angle of 
advance of an eccentric which will approximately give the same 
motion to a valve as two eccentrics driving the valve through a link 
MN. A similar construction is applicable to a radial valve gear. 



First, consider the Hack worth gear, Fig. 480, p. 372, and Fig. 489 
above. The end N of the link MN is constrained to move in the 
straight line TIT. Let T and U be the extreme positions of N for a 
given setting of the gear. The vertical travel of N is d and an 
eccentric oB having an eccentricity equal to \d and placed under N 
and connected to it will give N the same vertical travel. The effect of 
the eccentric ©P> under N on the valve connected to the link MN at V 
will be approximately the same as that of an eccentric oh under V and 

MV 

connected to it, the radius oh being equal to ©B X and oh being 
parallel to ©B. 

The vertical travel of the end M of the link MN is equal to D and 
the effect on the valve of the eccentric OM. or ©A under M will be 
approximately the same as that of an eccentric on under V and 

connected to it, the radius oa being equal to ©A X and ©a being 

parallel to oA. 

Since the motion of N in the line TU is due to the eccentric OM it 
is evident that, neglecting the obliquity of MN, when OM is vertical 
N will be at the middle of its travel and ©B must b9 horizontal. 
Hence the eccentric oB which will give N the same vertical motion 
must be at right angles to OM or oA the eccentric which gives motion 
to M. To decide whether ©B shall be to the right or left of o when 
OM is vertical it is only necessary to observe whether N is moving up 
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or down when M is moving from its vertical position. For anti- 
clockwise rotation and with K on the top dead centre as shown it is 
evident that N is moving downwards and oB must be to the left of o. 

The single eccentric <>C which is equivalent to the two eccentrics 
oa and oh is found as shown to the right in Fig. 481) to an enlarged 
scale. oC is a diagonal of the rectangle oaCb and $ is the angle of 
advance as explained in Art. 265. Instead of constructing the 



rectangle oaCb to find oO, lengths oA and oB equal to the eccentricities 
of the eccentrics for INI and N, respectively, may be set off’ at right 
angles to one another and, AB being drawn, C lies on AI3, and 
AC : BO : : MV : NV. 

The case of the Bromine gear is illustrated by Fig. 490 and is dealt 
with in the same way as the Hackworth gear but, since N now lies 



Fig. 491. — Equivalent eccontric Fig. 492 — Equivalent eccentric 

of Joy gear, of Walschaert goar. 


between M and V, oa and oA must point in opposite directions because 
when oA or OM is driving M downwards oa must be driving V 
upwards. 

For the Joy gear the construction is the same as for the Bromine 
gear and is illustrated by Fig. 491. The curved path of M is shown 
but it is not necessary to draw this. The distance between the 
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positions of M corresponding to the dead centre positions of the crank 
K is the distance D, and oA is equal to ^D. It will be sufficiently 
accurate to assume that T and U the extreme positions of N correspond 
to the crank positions which are at right angles to the line of piston 
travel. 

In the Walschaert gear, Fig. 492, the travel of M in the direction 
of the line of piston travel is equal to the stroke of the piston and oA 
is equal to OK. The travel of N depends on the position of the link 
block in the link L. Let .r be the distance of the link block from the 
fulcrum about which the link oscillates and let h be the distance of 

that fulcrum from F (Fig. 485, p. 375) : then oB = oC x x j. Tf x is 

above the fulcrum then oB and oC x point in opposite directions, but if 
x is below the fulcrum then oB and oCj point in the same direction. 
After finding oB the eccentrics oa and ob and the equivalent eccentric 
oC are found as before. 

It will be seen that the approximate equivalent eccentric for a 
radial valve gear is easily determined and from it the action of the 
valve can be studied by means of a Zeuner or other valve diagram. 

Working backwards the equivalent eccentric is useful in the 
preliminary design of a radial valve gear. 

272. Drop Valves. — Double boat valves have been used to a con- 
siderable extent for distributing the steam in the cylinders of stationary 
engines. They have also been successful on locomotives on the 
Continent of Europe. The drop valve is particularly suitable for use 
with superheated steam and with it there is very little friction to 
oppose its motion, and since the valve is nearly balanced when under 
steam pressure the force required to operate it is comparatively small. 
The chief objection to the double beat valve is the difficulty of keeping 
the two seats simultaneously steam tight on account of differences in 
the expansion of the valve and seat with variations of temperature. 

The application of drop valves to a stationary engine is illustrated 
by Fig. 494 which shows the high pressure cylinder and valve gear of 
a compound horizontal engine made by Messrs. George Saxon, Ltd., of 
Manchester, to whom the author is indebted for blue prints of the 
working drawings from which this illustration and also Figs. 493 and 
495 have been prepared. Each cylinder has four valves, two for steam 
and two for exhaust, all of the double beat type with narrow, fiat 
seats. 

One of the exhaust valves is shown in detail in Fig. 493. V 2 is 
the valve and 8 its seat. Both valve and seat are made of cast iron, 
and to ensure, as far as possible, uniformity of material they are both 
cast from the same blowing of the cupola. Wings W are cast on the 
waist of the valve and these are inclined as shown so that the steam in 
passing the valve may turn it slightly, the valve being free to rotate 
on its spindle D. The spindle D passes through a long brass bush B, 
there being no stuffing-box. Leakage of steam past the spindle is 
prevented by the spindle being a good sliding fit in the long bush and 
by the addition of the circumferential grooves shown. The arrows 
show the direction of the flow of steam from the cylinder when the 
valve is open. 
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In the particular valve shown in Fig. 493 the outside diameter of 
the upper seat is 4*766 inches and the inside diameter of the lower 
seat is 4*25 inches, the width of the seats being 0*125 inch. The 
diameter of the valve spindle is 0*75 inch. If * is the absolute steam 
pressure, in lb. per square inch, in the inlet to the valve then the force 
pressing the valve on its seat is 0*7854(4*766 2 -f* 0’7o 2 — 4*2 5 2 )* 
= 4*09* lb. Since the difference between the inside di&mctcr of the 
upper seat and the outside diameter of the lower seat is only l-64th 
of an inch, the upward force on the valve is negligible being only 
0-lift lb., whore*! is the absolute pressure, in lb. per square inch, in 
the outlet from the valve. The force required to open the valve is 



Fid. 493.— Double boat drop valve. 


therefore 4*09* plus the weight of the valve and the parts attached to 
it plus the force exerted by the spring to be presently referred to. 

Referring now to Fig. 494, V\ is the steam valve and V 2 the 
exhaust valve for one end of the high-pressure cylinder. The steam 
valve is opened by the eccentric Cj through the eccentric rod R ls the 
trigger T, and the lever L 2 turning on the fulcrum pin F x , and is 
closed quickly by the helical spring H x . The trigger T is mounted 
freely on the pin N which passes through the upper end of the 
eccentric rod Rj and through the outer end of the link M which is 
mounted freely at its inner end on the pin F x . When the valve is 
being lifted the hardened steel toe Q on the end of the arm A of the 
trigger T is in contact with the hardened steel pad P on one end of 
the lever L 1a The lifting of the valve continues until ti& arm B of 



Fig. 494. — Drop valves and valve gear for H.P. cylinder of compound engine. 
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the trigger comes in contact with the arm G ; the trigger then moves 
round and the toe Q moves inward and slips off the pad P. The 
le ver L x is then free from the action of the eccentric, and the spring H x 
closes the valve. 

The point at which the valve is liberated from the action of the 
eccentric is determined bj the position of the arm G which is rogulated 
by the governor through the rod U and other simple ^intermediate 
mechanism. 

Enlarged views of the trigger T and tho upper end of the eccentric 
rod Hi aro shown in Pig. 495. When not prevented by the arm G 



the trigger is moved into the position in which Q is over P by the 
weight of the arm B assisted by the torsion of a helical spring 8 which 
is housed in a recess in the boss of the trigger as shown. This spring 
is shown separately at (a). The ends of the wire forming the spring 
are bent outwards as shown and one projecting end enters a hole in 
the bottom of the recess in the trigger while the other is held in a 
short radial groove in the outer end of one prong of the fork of the 
eccentric rod. 

To prevent the valve striking its seat violently a dashpot K is 
provided beneath the spring Hj. Tnto this dashpot fits a piston 
attached to the valve spindle. When the dashpot piston is rising as 
the valvo is lifted air flows in through an adjustable orifice attached at 
J, and when the piston descends this air is compressed and discharged 
through the orifice which is adjusted to suitably retard the motion of 
the valve as it closes. In practice it is found that the air orifice can 
be adjusted so as to prevent all hammering action of the valve on its 
♦seat. 

The exhaust valve V 2 is opened by means of the eccentric C 2 
through the eccentric rod ll 2 and the bent lever L 2 turning on the 
fulcrum pin F 2 , and is closed by the helical spring H 2 . 

The eccentrics C a and C 2 are mounted on the shaft O which is 
driven from the crank shaft by equal bevel wheels. 

* v The following particulars of the engine referred to above may be of 
interest. Diameter of II. P. cylinder, 11*5 inches. Diameter of L.P. 
cylinder, 25 inches. Stroke of pistons, 24 inches. Revolutions per 
minute, 120. The diameter of the steam valve for the H.P. cylinder 
is the same as that of the exhaust valve, namely, 4*5 inches, being the 
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outside diameter of the Iotfer seat. The diameter of the steam yalve 
for the L.P. cylinder is 8 inches, while that of the exhaust valve is 
9 inches. # 

273. Corliss Valves. — An American engineer, Mr. George H. 
Corliss, introduced about 1850 a type of valve and valvo gear which 
has been very largely used on mill engines in all parts of the world. 
The valve is an oscillating slide valve whose face is cylindrical, the axis 
of the valve being the axis about which it oscillates. Four valves are 
used on each cylinder, two for admission and two for exhaust. In 
the Corliss gear the valves are operated from a wrist-plate which 
receives an oscillating motion from an eccentric on the crank shaft. 
For the admission valves there is a trip gear, under the control of the 
governor, which gives a variable and sharp cut off. 

Many gears have been devised to operate Corliss valves. 

With Corliss valves the cylinder clearance volume is.small. 

Corliss valves are not favoured where superheated steam is used, 
and when operated through trip gears they arc not suitable for high 
engine speeds, say, over 100 revolutions per minute. 


Exercises XVIII 

1. Longitudinal and transverse scot ions of the ports and slide valve seat and 
part of the valve arc given in Fig. 490, the dimensions being in inches. The out- 
side lap of the valvo is 1 inch and the inside lap is 0 25 inch. The valve chest 
pressure is 180 and the exhaust pressure is 17, l»otli in pounds per square inch 
absolute. What is the resultant force pressing the \al\e against its seat when it 
is open 0-25 inch to steam at one end? Neglect the weight of the valve. 



Fig. 490. 


2. Keoping to the data of the preceding exercise but supposing that the valve 
is redesigned with a relief arrangement on the back such as is shown in Fig. 431, 
p. 346, the four Richardson strips enclosing a roctangular area of G x 9*75 square 
inches exposed to the exhaust pressure, and tho strips presenting a rubbing 
surface of 17*75 square inches. What will then be the resultant force pressing 
the valve against its seat ? 

3. Taking the coefficient of friction between the valve and its seat as 0*09, 
calculate the pull or push on the valve spindle to overcome the friction df the 
valvo as givon in the two preceding exercises. 

4. In a vortical marine engine there is a double-ported slido valve. Tbd 
weight of the valve and part of the gear connected to it. is to be balanced by 
means of a piston as in Fig. 430, p. 345. The weight to be balanced amounts to 
1700 lb. The diameter of the valve spindle where it passes through tho bottom 
of the valve chest is 3*25 inches. The valve chest pressure is 25 lb. per sq. in. 
absolute and tho pressure above the balance piston is 5 lb. per sq. in. absolute. 
Compute the diameter of tho piston. 
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5. In a slidor crank mechanism the length o£ the connecting rod is four times 
the radius of the crank, which is 10 inches. Determine the displacement of the 
slider, in inches, for crank displacements of 30°, 60°, 90°, 120°, and 150° from the 
inner doad centre position. Also, what would the answers be if the obliquity of 
the connecting rod were neglected ? 

6. The travel of a slide valvo is 5 inches and the angle of advance of the 
eccentric is 30°. The outside lap of the valve at the cover end is 1 inch and at 
the crank end 1T26 inches. What are the loads at the two ends ? 

7-12. In the exercises 7 to 12 given in the table below, r = radius of eccentric 
or half travel of valve, o = outside lap of valve, i = inside lap of valve, e “ lead 
of valve, 0 =* angle of advance of eccentric, 0,-, 0 a , 0 3 , and 0 4 are the angular 
positions of the crank at admission, cut-off, release, and compression, respectively, 
measured from the inner dead centre position. Linear dimensions are in inches 
and angles are in degrees. Determine the unknown quantities in each caso so as 
to complete the table. 


Ex. 

r 

0 



0 

0i 

02 


7 

2*75 

1*25 

0*375 

0-25 

? 

? 

? 

? 

8 

2-75 

1*375 

0*125 ! 

0-125 

? 

? 

? 

? 

9 

2*625 

1*625 : 

0*5 i 

? 

45 

9 

? : 

? 

10 

2-625 

?. ! 

? ! 

0-125 1 

V 

? 

90 

140 

11 

? 

2*75 , 

0*25 | 

? , 

? 

1 — 5 

90 i 

? 

v 12 

? 

1*5 1 

0*5 I 

0*375 , 

? 

; ? 

90 ! 

! ? 


e A 


o 

? 

? 

? 

? 

? 


13. On the cover side of the piston the cut off is at 0*8 of the stroke. The 
maximum opening of the port to steam is 1 inch and the load is 0-3 inch. If the 
length of the connecting rod is twice the stroke of tho piston find the travel of 
the valve and the outside lap. 

14. On the crank side of the piston the lead of the valve is 0-5 inch, the 
maximum opening of the port to steam is 1*5 inches, the cut-off is at 0 7 and the 
release at 0*9 of the stroke. The length of the connecting rod is twice the stroke 
of the piston. Determine the travel of the valve and the outsido and inside laps. 

On tho cover side of the piston the cut-off and release are tho same as on the 
crank side. Find the outside and inside Japs, the lead, and the maximum 
opening of the port to steam. 

15. The following particulars relate to a Meyer expansion gear. Travel of 
main valve, 4 inches. Travel of expansion valve, 4 inches. Angle of advance of 
main eccentric, 30°. Angle of advauce of expansion eccentric, 90°. 

Find the angle which the crank makes with its initial dead centre position 
when the gap of the expansion valve is (1) + 1 inch, (2) 0, and (3) — 0-5 inch. 

If the width of the ports in the main valve is 1 inch find the minimum width 
of each expansion plate so that their inside edges shall not overrun the inside 
edges of the ports in the main valve when the gap of tho expansion valve is 
— 0*5 inch. 

16. In a Meyer expansion goar the travel of the main valve is 4*25 inches, the 
travel of the expansion valve is 4*5 inches, the angle of advance of the main 
eccentric is 35°, and the angle of advance of tho expansion eccentric is 90°. The 
length of the connecting rod is twice the stroke of the piston. Find the two gaps 
of the expansion valve for a cut-off at 40 per cent, of the stroke on both sides ot 
the piston. If the plates are set with these gaps and the index plate is graduated 
from the gaps on the crank side of the piston, what will be the cut-off on the 
cover side? of the piston when the pointer shows that the cut-off on the crank side 
is 20 per cent. ? 

17. A simple slide valve is driven directly by a movable eccentric such as is 
shown in Fig. 464, p. 865. The lead of the valve is 0T inch, outside lap 1 inch, 
inside lap 0 1 inch, and maximum travel 6 inches. Find the angular positions 
of the crank, measured from the initial dead centre position, at cut-off, release, 
compression, and admission, (a) when the valve ha$ its maximum travel, and (b) 
when the travel is reduced to 3 inches by shifting the eccentric. 

18. Referring to Figs. 476 and 477, p. 371, the dimensions of a Stephenson 
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link motion, with open rods , are as follows : 9 = 13°. OA = OB = 3*25 inches. 
AM = BN = 4 feet 3 inches. MN = 1 foot 5*5 inches. Find the eccentricity r 
and the angle of advance <f> of the equivalent eccentric, and also the lead e of the 
valve, the outside lap boing 1 inch, (1) at mid gear, (2) whon MV = 6*25 inches, 
and (3) when MV *= 3 75 inches (full gear). 

19. Referring to Figs. 478 and 479, p. 871, the dimensions of a Stephenson 
link motion, with crossed rods t are as follows : 9 — 25°. OA = OB = 3*5 inches. 
AM ss BN = 5 feet. MN = 1 foot 6 inches. Find the eccentricity r and the 
angle of advance <f> of the equivalent eccentric, and also the lead e of the valve, the 
outside lap being 1 inch, (1) at mid. gear, (2) when MV = 6*25 inches, and (3) when 
MV — 3 75 inchos (full gear). 

20. The particulars of a Bromine radial valve gear applied to a vertical engine 
and illustrated by Fig. 482, p. 373, are as follows : 00 is horizontal and = 10| 
inches. 0M = lf inches. OK= 8 inches. Length of connecting rod G = 36 
inchos. MN = 10£ inches. N V = 5} inches. Length of radius arm D = 14 inches. 
Length of swinging link S = 14 inchos. Draw, lull size, the locus of the point V 
for full gear and clockwise rotation of the crank shaft, the radius arm D being 
then inclined at 20° to the vertical. Next draw the oval valve diagram as in 
Fig. 487, p. 376, showing the valve displacement full size and tho piston stroke 
one-quarter of full size. Allow for the length of the connecting fod but assumo 
the length of the valve rod link r to bo infinite. Take c — 0*18 inch, c' = 0-31 inch, 
i = — OT inch, and i' — 0 2 inch, and find tho piston positions at cut-off and 
compression for both down and up strokes. 

21. Draw, full size, the valvq ellipse for a valve having a travel of 2J inches, 
the angle of advance of tho eccentric boing 25". Tako a piston stroke base 
4 inches long. The laps of the valve are : outside, inch ; inside | inch. State 
the piston positions at cut-off and compression. 

22. Taking the data given in exercise 20 find tne eccentricity and angle of 
advance of the equivalent eccentric. Using this equivalent eccentric construct 
the oval valve diagram to tho same scales as in exorcise 20 allowing for the 
obliquity of tho connecting rod but neglecting that of the valve rod link. Then 
by means of a tracing of one of the valve diagrams compare it with the other. 

23. Tako the following dimensions as applying to the drop valve shown in 
Fig. 493, p. 380. Inside diameter of upper seat, 4*52 inches. Inside diameter of 
lower seat, 4*25 inches. Diameter of central boss, 1T>3 inches. Inside diameter 
of valve body, 3-25 inches. Thickness of central ribs, wings, and valve body, 
0T9 inch. Calculate the lift of tho valve so that the area of opening .over the 
inner edges of tho scats shall be the same as the area through the valve. 

24. The seats of a double-beat valve have tho following diameters, in inches. 
Upper seat, 7*9 and 7*5. Lower seat, 7*4 and 7. Tho absoluto steam pressures 
in the inlet and outlet passages are 135 and 45 lb. per sq. in. Compute the force 
duq to the steam pressures required to open the valve. Neglect the effect due to 
the spindle. 



CHAPTER XIX 

PERFORMANCE OF RECIPROCATING ENGINES 

274. Engine Friction— Mechanical Efficiency. — An assumption 
which is frequently made is that the power consumed in overcoming 
the frictional resistances of a reciprocating steam engine is the same 
at all loads at constant speed. Making this assumption the horse- 
power required to overcome the frictional resistances, generally called 
the friction liorse-powcr, for any load at a given speed is readily ob- 
tained by finding the indicated horse- power at no load at that speed. 
It would seem, however, from various tests, that the friction horso- 
power generally increases with the load, but not to any considerable 
extent. 

It is now well established that if an engine is tested at various 
brake loads at approximately constant speed and if the indicated horse- 
power (I.H.P.) is plotted on a brake horse-power (B.H.P.) base, the 
points thus found practically lie on a straight line. It follows from 
this that since the friction horse-power (F.H.P.) at any given load is 
the difference between the I.H.P. and the B.H.P., the various points 
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At a given load the ratio ^ jj p ' the mechanical efficiency 

of the engine at that load. If the mechanical efficiency he calculated 
and plotted for various loads the curve M.E., Fig. 497, is obtained. 
At full load the mechanical efficiency of reciprocating steam engines is 
generally between 80 and 90 per cent. In high-speed engines with 
forced lubrication the mechanical efficiency at full load may be as high 
as 96 per cent. 

275. Mechanical Efficiency of Locomotives. — The friction horse-i 
power of a locomotive, at constant spe&l, may be taken as the difference 
between the indicated horse-power and the draw-bar horse-power. 
This, however, includes the power required to overcome the frictional 
resistances of the tender, if there is one, as well as that of the loco- 
motive itself. 

The ratio of tho draw-bar horse-power, at constant *speed, to the 
indicated horse-power, may be called the mechanical efficiency of the 
locomotive. 

The mechanical efficiency of express passenger locomotives is 
generally between 60 and 70 per cent. The tests on simple and 
compound goods locomotives, referred to in Art. 284, gave an average 
mechanical efficiency of 81 per cent, for the simpje and 93 per cent, for 
the compound. 

276. Available Heat supplied to an Engine. — The total heat TTj 
per lb. of steam supplied to an engine is reckoned from 0^ G. Tf the 
sensible heat of the feed water is h x per lb., reckoned from 0° C., and 
if this heat is recovered from tho exhaust steam from tho engine, then 
Hi - h x is called the available heat in the steam, per lb., supplied to 
the engine. 

The rule of the Inst. G.E. Committee on Engine and Boiler Trials 
is— “ The available heat supplied to an engine is calculated as tho 
total heat of the steam entering the engine less the ‘water heat* of 
the same weight of water at the temperature of the engine exhaust, 
both quantities being reckoned from 32 3 F.” 

277. Steam Consumption and Equivalent Feed. - The performance 
of a steam engine is generally stated to be 60 many pounds of steam 
per horse-power (either T.H.P. or B.H.P, or E.H.P.) per hour. There 
is a vagueness about this way of stating the performance of an engine 
similar to that already considered in connection with the performance 
of steam boilers (Art. 156, p. 217). In connection witli boiler per- 
formance the practice is now well established of giving the equivalent 
evaporation from and at 100° C. (212° F.) instead of, or in addition to, 
the actual evaporation under tho actual conditions. A similar rule is 
wanted for steam engine performance. 

The rule recommended by the Inst. C.E. Committee on Engine and 
Boiler Trials is to take the standard steam as that which has 1100 
B.Th.G. (611 C.H.U.) available heat per lb. Hence, if W is the actual 
weight of steam, say per I.H.P. per hour, used under the actual con- 
ditions as to initial pressure and temperature and exhaust pressure, 
and if Q B is the available heat in the actual steam in the actual engine 

WQ 

in B.Th.U. and if Q c be the same quantity in C.HU., then ? or 
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yy 

- — is the equivalent steam consumption or equivalent feed as it is 
called. 

The number 1100 (B.Tli.U.) or 611 (C.II.U.) is very approximately 
the available heat in 1 lb. of dry saturated steam at <an absolute 
pressure of 160 lb. per square inch when it is used in a compound 
condensing engine in which the exhaust pressure is 2 lb. per square 
inch absolute. 

The relative economy of different engines, or the relative economy 
of the same engine working undSr different conditions, may be deter, 
mined by reducing the steam consumptions to their “ equivalent feeds.” 

A still more satisfactory way of stating the performance of an 
engine is to give the number of available heat units supplied, say per 
minute, per horse-power developed. 

278. Thermal Efficiency.— The thermal efficiency of an engine is 
the ratio of the beat converted into work to the heat supplied. It 
is now usual to take tho heat supplied to the engine as tfie 11 available 
heat” as defined in Art. 270. 

Example 1. — The steam is initially dry and saturated and its 
initial pressure is 180 lb. per square inch absolute. The final exhaust 
pressure is 3 lb. per square inch absolute and the engine uses 13*2 lb. 
of steam per I.H.P. per hour. 

The total heat of dry and saturated steam at the initial pressure is 
666*6 C.H.U. The sensible heat of water at the temperature corre- 
sponding to the exhaust pressure is 607 C.H.U. The available heat 
supplied is therefore 666*6 - GO 7 = 605*9 C.H.U per lb. 

X XT T> 33,000 X 60 ^ „ TT XX 


One I.H.P. per hour = 


1414*3 C.II.U. 


Heat converted into work per lb. of steam = 

Thermal efficiency = — = 0*177. 

Or thus — 

Heat equivalent of one I.H.P. per minute = 


1414*3 


107*1 C.H.U. 


33,000 


Heat supplied per I.H.P. per minute = 
23*57 

Thermal efficiency = ' =0*177. 

1 Ou'O 


1400 
605*9x 13*2 


= 23*57 C.H.U. 


: — — = 133*3 C.H.U. 


Example 2.- The same as Example 1 except that the steam is 
initially superheated 100° C. and the steam consumption is 11*2 lb. 
per I.H.P. per hour. 

Total heat in steam at initial pressure and superheated 100° C. 
= 721*8 C.H.U. 

Available heat supplied = 721*8 — 60*7 = 661*1 C.H.U. per lb. 

xx j tit xt . . 661 1x112 i nq. i rt TT TT 


Heat supplied per I.H.P. i>er minute = 
23*57 

’Thermal efficiency = 0*1 91. 

123*4 


— = 123-4 C.H.U. 
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279. Efficiency Ratio. — Tko ratio of tlie thermal efficiency as de- 
fined in the preceding Art. to the efficiency of the corresponding 
liankine engine is called the efficiency ratio. 

Referring to the examples worked out in the preceding Art. For 
the engine of Example 1 the efficiency of the Rankine cycle is 0*252 os 
in Case (a) of the example on p. 91. 

Efficiency ratio = = 0 702. 

Uai)2 


For the engine of Example 2 the efficiency of the Rankine cycle is 
0*260 as in Case (c) of the example on p. 92. 

Efficiency ratio = = 0735. 

280. Economy due to Superheating. — The effect of superheating 
on the amount of heat required for a given power will be first studied 
by reference to two examples, the data and results of which are 
tabulated below. In the first, example the initial pressure is assumed 
to be 100 lb. per square inch absolute while in the second it is 200 lb. 
per square inch absolute, and in both the back pressure is 3 lb. per 
square inch absolute. In each example there are two cases: (1) The 
steam is dry and saturated. (2) The steam is superheated 200° C. 
(360° F.). 


1 0 1 

Degrees of superheat 1 F j 

0 

0 

23 S 

38 

i 

i o o 

200 

360 

Initial pressure . . lb. per sq. in. abs. 

100 

100 

200 

200 

j Back ,, >» » »» 

8 

3 

3 

3 

j Rankine engine. 





Rankine cycle efficiency 

0*218 

0*240 

0-257 

0-279 

Heat supplied per I.H.P. per min j ^ qqJ'xj 

108*1 
194 *6 

!)8 • 2 
176-8 

91*7 

165*1 

84-5 

152-1 

Saving duo to superheating . . . . p.c. 


9*2 


7*9 

Saving due to in- £ without superheat „ 

- 

— 

15-2 

— 

creaso of prossure J with superheat . „ 

.. 

— 

— 

14 0 

Actual engine. 





Heat supplied por I.II.P. per min jjjqJJ'u’ 

157 

282-6 

130 

234 

135 

243 

115 

207 

Saving duo to superheating . . . p.o. 



17*2 


14*8 

Saving due to in- ) without superheat „ 

— 

— 

14*0 

— 

croase of pressure > with superheat . „ 

— 

— 


11*5 

Specific volume at initial prossuro . c. ft. 

4*44 

6*79 

2*30 

3*55 

„ „ back pressure . „ 

118*5 

118*5 

118*5 

118*5 

Voi. per lb. after adiabatic expansion f , 

98*8 

112*5 

95 0 

108*3 

Heat drop per lb. } . fl.li.U. 

| 130*9 

108*2 

156*2 

199*3 

(H b - H Cl Art. 71, p. 87) { . B.Th.U. 

' 235*6 

i 

302*8 

281*2 

358*7 

For equal heat drop. 





Weight lb. 

1-0 

0 778 

1*0 

0*784 

Volume at initial pressure ... c. ft. 

4*44 

5*28 

2*30 

2*78 

Volume after adiabatic expansion . ,, 

98*8 

87*5 

95*0 

*'9 
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The Rankine cycle efficiency and the necessary heat supply per 
I.H.P. per minute have been worked out and tabulated. From these 
the saving due to superheating in the Rankine engine are then 
computed. The saving due to increase of pressure alone is also 
given. Then follow the probable corresponding figures for an actual 
engine. 

The remaining part of the table will be referred to later. 

In the Rankine engine it will be seen that the saving of heat due 
to superheating is 9*2 per cent, with the lower pressure and 7*9 per 
cent, with the higher pressure. 

In the actual engine the probable saving due to superheating is 
17*2 per cent, with the lower pressure and 14 8 per cent, with the 
higher pressure. 

It now remains to be explained why superheating is so much 
more beneficial in the actual engine than in the porfoct Rankine 
engine working between the same limits of pressure and tem- 
perature. 

One great source of loss in the actual engine, and which has 
already been frequently referred to, is the transfer of heat from the 
steam to the cylinder walls during the early part of the stroke. Now 
if this transfer of heat results in the partial condensation of the steam, 
which will be the case if the steam is not sufficiently superheated to 
bogm with, the moist steam will more readily part with heat to the 
cylinder walls than would dry or superheated steam. As will be 
shown presently a drop of hot water on the cylinder wall con- 
tains much more heat than the same volume of steam at the same 
temperature, and a slight fall in the temperature of that drop of 
water causes much more heat to bo given to the cylinder wall than 
would bo given by the same volume of steam for the same fall in 
temperature. 

Superheated steam will suffer a certain fall in temperature and 
may be expanded a certain amount without condensing, the amount 
being greater the greater the superheat. 

Another important reason for the greater economy of superheated 
steam over wet steam is that there is always a certain amount of 
leakage of steam past the valves and piston. Now leakage of wet 
steam means a greater loss of heat than a leakage of dry steam. 
Consider a pound of saturated steam at a pressure of, say, 100 lb. 
per square inch absolute. The total heat of this steam is 660’4 C.H.U. 
and its volume is 4*44 cubic feet. One pound of water at the same 
temperature contains 165*7 C.H.U. and its volume is 0*0178 cubic 

foot. The same volume of steam would contain X 660*4= 2*65 

444 

C.H.U. A given volume of this water therefore contains 62*5 
times as much heat as the same volume of saturated steam at 
the same temperature. At lower pressures the ratio of the heat 
in the water to the heat iu the same volume of steam at the same 
temperature is 105 to 1 at 50 lb. pressure and 326 to 1 at 10 lb. 
pressure. 

Coming now to the lower part of the table on p. 389, it will be 
seen that the specific volume of the superheated steam is, for 200° C» 
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of superheat, over 50 per cent, greater than that of saturated steam at 
the same pressure. Based on this fact it is sometimes stated, that an 
engine using superheated steam must bo larger than one using saturated 
steam for the same power, all other conditions being the same. A 
reference to the table shows, however, that this is not the case. In 
fact more work will be done in the same engine with a less weight of 
superheated steam than of saturated steam.- What fixes the volume 
of an ermine cylindor is the volume of the steam at the end of the 
expansion and not the volume at the beginning. 

The student will find it a useful exercise to work out for himself 
the results given in the foregoing table. 

281. Consumption of Superheated Steam at Reduced Loads. — 
An instructive diagram is 
given in Fig. 498 showingthe 
effect of varying loads on the 
consumption of steam with 
varying amounts of superheat. 

This diagram was first pub- 
lished by Mr. Roger T. Smith K 

ill the Proceedings of the In- § 

stitution of Mechanical En- 1 

gineers } 1 905, in the discussion S 3900 

on the “ First Report to the ^ 

Steam Engine Research Com- J 3000 

mi t tee ” by Professor David - 

S. Capper. < 

The engine to which Fig. £ 

498 refers was a non-jacketod, _j 

quick-revolution, condensing, £ 160Q 

triple-expansion engine by £ 

Messrs. Beiliss and Morcorn. 

The full load of the engine 
was 300 B.H.P. It will be 
seen that the total consump- 
tion lines are “ Willans lines.’* 

The economy due to super- 
heating is clearly shown and 
the fact that the curves get 
flatter and more nearly horizontal as the superheat increases shows 
that the engine tended to become more nearly equally economical at 
all loads as the superheat increased. 

282. Trials of a High-speed Triple-Expansion Engine. — The table 
on p. 392, given by Mr. A. E. Seaton in the Proceedings of the Institu- 
tion of Civil Engineers , vol. exevi. (1914), p. 215, shows the results of 
careful trials made with a Belliss-Morcom triple-expansion engine. 
These results show not only the general economy of superheated steam 
but also the effect of superheating on tho mean pressures in the 
cylinders, and on that in the condenser, the loads, the rates of revo- 
lution, and the speeds of the air and circulating pumps being similar 
in both trials. 



B.H.P. 


Fin. 498. 
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Trials of a Beiliss- Mor com Triple-Expansion Engine 
(1) With saturated steam, (2) with superheated steam. 

Cylinders, 13 £ inches, 20Jt inches, and 30 inches in diameter, by 
14 inches stroke ; speed, 350 revolutions per minute. 


Boiler pressure during trials lb. per sq. in. 

Steam pressure at II. P. cylindor valve-box . lb. per sq. in. 

Steam temperature at H.P. cylinder valve-box 

Vacuum in condenser inches 

E.H.P. steady load throughout 

| High pressure cylinder 

I.H.P. | Intermediate pressure cylinder 

Low pressure cylinder 

Total I.H.P. 

Steam consumption per kilowatt-hour lb. 


(1) 

4 

i (2> 

180 

377 

173 

172 

385° F. 

500° F. 

24*8 

26*2 

537 

537 

222*0 

233 

186*5 

183 

208*0 

196 

616*5 

612 

23*4 

18*26 


Saving of steam due to superheating, 22 per cent. 

From the temperatures and pressures in the H.P. cylinder valve- 
box given above it appears that there was a slight superheat, about 
15 r F., in trial (1) and a superheat of about 130° F. in trial (2). 

The available heat per lb. of steam in (1) is about 1102 B.Th.U., 
while the available heat per lb. of steam in (2) is about 1177 B.Th.U. 
The equivalent feed in (1) is fPJg x 23*4 = 2344 lb. per kw. hour. 

„ „ „ (2) is HKx 18*26 = 19-54 „ 

23*44 - 19*54 


The real saving is 


2344 


X 100= 16*0 per cent, instead of 


22 per cent. 

283. Superheated Steam in Locomotives. — The use of superheated 
steam in locomotives is now common. The degree of superheat is 
usually from 130^ C. (234° F.) to 150° C. (270° F.) and the boiler 
pressure 180 lb. per square inch by gauge. 

Superheating is more advantageous on long runs than on journeys 
with frequent stops. With express passenger engines the saving of 
coal per ton-mile due to superheating may be taken at about 20 per 
cent. With goods engines the saving is from 12 to 18 per cent. 

284. Performance of Simple and Compound Locomotives. — Mr. 
George Hughes, Chief Mechanical Engineer, Lancashire and Yorkshire 
Railway, in his paper in the Proceedings of the Institution of Mechanical 
Engineers , 1910, on “Compounding and Superheating in Horwich 
Locomotives,” has given much valuable information on the perform- 
ance of locomotives. For the purpose of comparing the performance 
of simple and compound locomotives, tests were made on both* under 
practically similar conditions. 

Outside elevations of the simple and compound locomotives with 
their tenders are given in Figs. 499 and 500. 

The following particulars relate to the boilers of both engines : 
Barrel, 4 ft. 10 in. diameter and 15 ft. long. Fire-box shell, 8 ft. 1 in. 
long and 4 ft. 1 in. wide. Copper fire-box, 7 ft. 2J in. long and 
6 ft. 3£ in. high. Tubes, 225 in number and 2 in. outside diameter. 
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Heating surface, 1767 sq. ft. in tubes and 147 sq. ft. in fire-box. Grate 
area, 23*05 sq. ft. 

Figs. 499 and 500 show that both engines are of the 0-8-0 type. 
All the wheels are 4 ft. 6 in. diameter. 



The simple engine has two inside cylinders 20 in. diameter and a 
stroke of 26 in. 

The compound engine has four cylinders — two outside II.P. 
cylinders 15 J in. diameter and two inside L.P. cylinders 22 in. 



Fig. 500. — Four-eyliader compound locomotive. 


diameter. All the pistons have a stroke of 2G inches. The sectional 
plan, Fig. 501, shows the arrangement of the cylinders and cranks. 
The valves are on top of the cylinders. The II.P. cylinders have 
piston valves and the L.P. cylinders have D slide valves. 



Fig. 501.— Four-cylindor compound locomotive. 


An abstract of the average results of three trials of the simple and 
three trials of the compound locomotive is given in the following 
table which, while it shows the superior economy of the compound over 
the simple engine, contains figures on locomotive performance of 
interest to the student. 
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Averages of Tests of Simple and Compound Locomotives. 


Particulars 


Simple. ! Compound. 


Average steam prossure throughout tost . lb. per sq. in. 178 180 

Actual running time min. 99*6 98 

Average speed miles per hour 21*9 22*3 

Weight of train tons 583*3 585*3 

Weight of ongino, tendor, and train tons 678*1 686*7 

Number of wagons in train 59 58 

Average indicated horse-power 701 546 

Draw-bar pull horse-power 567 506 

Average draw-bar pull tons 4*37 3*79 

Average initial pressure in cylinders . . lb. per sq. in. 140*1 148*9 

Average steam pressure at rcloase . . . lb. per sq. in. 55*1 28*4 

Average percentage steam cut-ofE in cylindors . .>. . 54 51*9 

Coal burnt per sq. ft. of grate surface per hour . . .lb. 111*5 74*3 

Average steam consumption per I. H.P. per hour . .lb. 23*3 18*0 

Average water consumption per I.H.P. per hour . .lb. 26*9 22*8 

Percentage saving of steam por I.H.P. from indicator 

diagrams 23*0 

Coal per I.H.P. per hour lb. 3*7 3*1 

Percentage saving of coal per I.H.P. por hour .... 16 


The coal usod had a calorific value of 13.6G8 B.Th.U. (7593 C.II.U.). 

285. Typical Performances of Various Types of Condensing 
Engines. - -The following table gives the results of tests of various types 
of condensing engines, compound, triple-expansion, and quadruple- 
expansion, compiled from reliable sources. 


Absolute 
initial 
pressure 
lb. per 
sq. in. 

Superheat 

°C. 

I.H.P. 

Revs, 
per min. 

Steam por 
I.H.P. per 
hour. 

Heat sup- 
plied per 
l.H P. per 
min. 

! 

Thermal 1 
efficiency, j 

Efficiency 
| ratio. 






c.HU. 

1 




Stationary . Compound , condensing . 



164 

50 

1208 

100 

12*27 

136 

0*173 

0*56 

185 

65 

1400 

80 

11*74 

129 

0*183 

0*645 

161 

95 

1234 

00 

10*75 

126 

0*187 

0*59 

169 

56 

982 

65 

11*10 

120 

0*196 

0*70 

129 

213 

258 

10 L 

8*58 

107 

0*221 

0*67 



Marine . 

Triple-expansion , condensing. 



180 


645 

61 

13*35 

139 

0*171 

0*59 

160 


1994 

72 

14*98 

148 

0*161 

0*64 


Marine. Quadruple-expansion , condensing. 


214 


9099 

78 

13*47 

138 

0*172 

0*63 


286. Steam Jackets. — Initial condensation in steam engine 
cylinders using saturated or wet steam may be prevented or reduced 
by the use of steam jackets. In estimating the performance of 
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an engine with jacketed cylinders it is most important that the 
amount of steam used in the jackets be included in the steam 
consumption. 

A steam jacket is more beneficial the wetter the steam is on its 
admission into the cylinder, and if the steam is moderately superheated 
when admitted a jacket is of little or no advantage. 

Initial condensation is greater the larger the clearance surface 
compared with the weight of steam in the cylinder, and it is generally 
more important to jacket the ends of the cylinder than to jacket the 
barrel. Jacketing is more advantageous for small cylinders than for 
large ones. 

In single- cylinder engines, whether condensing or non-condensing, 
and in compound condensing engines, all using saturated steam, the 
saving duo to jacketing may bo 25 per cent, in small engines and less 
than 5 per cent, in large ones. 

As would be expected the advantage of steam jackets is less the 
greater the rotational speed of the engine. 

Steam jackets are more advantageous when an engine is running 
under reduced loads with earlier cut-ofls. 

Jacketing is more effective on the low-pressure cylinder of a 
compound engine than on the high-pressure cylinder. 

The steam used in the jackets is steam at the initial working 
pressure. 

It is important that all jackets be effectively drained so that there 
is no accumulation of water in them, 

Whether jackets are used or not, the cylinders should be properly 
lagged to reduce as much as possible loss of heat by radiation. This 
also applies to steam pipes and receivers. There seems to l>e no 
advantage in having ordinary steam jackets on the receivers of 
compound and triple-expansion engines. 


Exercises XIX 

1. A full load test of a stoara engine gave : I.H.P. = 167, and B.H.P. = 150. 
A half load test gave : I.H.P. = 91, and B.H.P. = 70, at the same speed. Com- 
pute the probable I.H.P. , F.H.P., and mechanical efficiency when the load is 
100 B.H.P. 

2. The friction horse-power of an engine at full load is 30 per cent, groater 
than at no load at the same spoed. The mechanical efficiency at full load is 
90 per cent. Find the probable mochanical efficiency at half load at the same 
speed. 

3. The mean pressure, in lb. per sq. inch, in the cylindor of an engine, when 

the boiler pressure and point of cut-off are kept constant, is expressed by the 
equation = 110 — 0*07V, where V is the piston speed, in feet per minute. 
Determine the piston speed, in foet per minute, which gives a maximum horse- 
power. Determine the maximum horse-power for a double-acting engine having 
a cylinder 20 inches in diameter. [U.L.] 



396 


HEAT ENGINES 


4. Trials of a compound steam engine gave the following particulars : — 


Kova. per minute . . 


100 

120 ; 

140 

1G0 

180 

200 

Brake horse-power 

m 

76 

88 

98 

108 

115 

120 

Indicated horse-power 
Weight of steam used 

per 

86 

100 

112 

123 

133 

142 

hour 

lb 

1400 

1 

1530 

1680 

1830 

1970 

2120 


220 

121-5 

147 

2270 


Plot curves showing the mechanical efficiencies and tho steam consumptions 
at diiforent speeds, and determine the speed at which the thermal efficiency on 
the brake is a maximum. Find the mochanical efficiency at this speed. 

[U.L.] 


5. In some recent trials of simple and compound locomotives the following 
particulars were obtained : — 

Engine Simple .... Compound. 

Weight of train behind locomotive . 456 tons .... 487 tons. 

Mean draw-bar pull 7750 lb 8200 lb. 

Weight of coal used 8500 lb 6850 lb. 

Weight of water used 61,000 lb. . . . 49,500 lb. 

Length of journey 82 5 miles . . . 82-5 miles. 

Time taken 98 min. 45 sec. . 87 min. 2 sec. 

Calculate the mean draw-bar H.P. in each case. 

Assuming the calorific value of the fuel to be 12,000 B.Th.U. (6,667 C.H.U.), 
and tho initial steam pressure 180 lb. per sq. inch by gauge, find the thermal 
efficiency of the locomotive, and the thermal efficiency of tho boiler in each case. 

[U.L.] 


6. (a) During a trial of a triplo-expansion engine the initial pressure was 
200 lb. persq. inch abs., and tho initial superheat was 40° C. The exhaust 
pressure in the L.P. cylinder was 3 lb. per. sq. inch abs., and the steam consump- 
tion was 10-6 lb. per I.H.P. per hour. 

(b) A compound engine on trial had a steam consumption of 11-9 lb. per 
I.H.P. per hour with an initial pressuro of 165 lb. per sq. inch abs., and a back 

S ressure in the L.P. cylinder of 3 lb. per sq. inch abs. The steam was initially 
ry and saturated. 

Determine for these two trials : (1) The equivalent feed. (2) The availahlo 
heat supplied per I.H.P. por minute. (3) The efficiency ratio. 

7. A compound steam engine on trial was supplied with dry saturated steam 
at a pressure of 180 lb. per sq. inch abs. The weight of steam used per hour was 
7200 lb. and the I.H.P. was 600. Taking the back pressure in the L.P. cylinder 
aa 3 lb. por sq, inch abs., compute : (a) Tho available heat supplied per I.H.P. 
per minute. (6) The thermal efficiency, (c) The efficiency ratio. 


8. In a trial of a triple-expansion engine the following observations were 
made : — 

Steam pressuro (absolute) 

Total heat per pound reckoned 
from water at 0° C. (32° F.) 

Weight of steam entering cylinder per hour 
Indicated horse-power 
The steam entered a surface condenser and was condensed at a temperature 
of 56° G. (183° F.), and it was found that 24,000 lb. of condensing water per hour 
were raised through a temperature of 24° 0. (43*2° F.). Determine the gross 
supply of heat per minute to the engine, the heat equivalent to the I.H.P., and 
the heat leaving the engine in the exhaust steam reckoned from 0° C. (82° F.). 

Determine the amount not acoounted for by radiation loss and errors of 
experiment, and show your results in the form of a balance sheet. [U.L.] 


200 lb. per sq. inch. 
/ 669*8 C.H.U. 

\ 1205*6 B.Th.U. 

1200 lb. 

73*8 


9. The following particulars relate to an engine trial made by Mr. Michael 
Longridge. 

Type of engine . — Vertical cross-compound with overhung cranks. 

Cylinders . — H.P., diameter, 20) inches. L.P., diameter, 45 inches. Diameter 
of piston rods, 5 inches. Stroke of pistons, 42 inches. 
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Data from observations .— Atmospheric pressure 14-7 lb. per sq. inch. 

Weight of steam entering engine per hour, 8700 lb. 

Pressure of steam by gauge at engine stop valve, 152-4 lb. per sq. inch. 

Temperature of steam at engino stop valve, 497° F. 

Temperature of air pump discharge, 115° F. 

M.E.P. in H.P. cylinder from mean diagram, 68-2 lb. per sq. inch. 

»» II L.P. ,, ,, ,, ,, 9*18 ,, ,, ,, ,, 

Revolutions per minute, 90*37. 

From the foregoing particulars, and reference to steam tables, it is required 
to compute the following *. ~(1) I.H.P developed in H.P. cylinder. (2) I.H.P. 
developed in L.P. cylinder. (3) Total I.II.P. developed. (4) M.E.P. referred to 
L.P. cylinder. (5) Weight of steam used per I.H.P. per hour. (6) Heat supplied 
per I.H.P. per minute in B.Th. U. * (7) Thermal efficiency. (8) Heat required by 
corresponding Rankine engino in B.Th.U. per I.II.P. per minute. (9) Efficiency 
ratio. 

Note .— For (6) to (9) reckon heat from hot- well temperature 115° F. 



CHAPTER XX 

STEAM TURBINES 

287. Action of Steam in Steam Turbines. — In a reciprocating 
steam engine work is done on a piston by the statical pressure of the 
steam and although the steam moves with the piston the kinetic 
energy of the steam plays an entirely neglible part in the working of 
the engine. In a steam turbine the steam moving with high velocity 
is made to impinge on numerous vanes, buckets, or blades on a wheel 
or rotor; the impinging steam exerts a dynamical pressure on the 
buckets and it is the kinetic energy of the steam which is converted 
into work. 

When the steam reaches a steam turbine it has a large amount of 
heat energy, and it is at a pressure which permits of considerable 
expansion, but its kinetic energy is a negligible quantity, and before it 
can do work in the turbine some of its heat energy must be converted 
into kinetic energy ; this is done by allowing the steam to expand in 
one or more properly designed passages without doing work, or, more 
correctly, work is done by the steam on itsoif by giving it velocity and 
therefore kinetic energy at the expense of some of the heat energy in 
the steam. This conversion of heat energy into kinetic energy may 
take place in one operation and the kinetic energy may then be 
applied, but in the majority of steam turbines the drop in pressure is 
made ip a series of steps between which the kinetic energy gonerated 
in the previous step is applied. This means that there are a number 
of fixed elements used to convert heat energy into kinetic energy and 
an equal number of rotating elements placed alternately after the fixed 
elements, and in each rotating element the kinetic energy generated in 
the preceding fixed element is applied. A fixed element and its 
corresponding rotating element form a turbine pair or a stage of the 
turbine. In turbines of what is called the reaction type there is also a 
drop in pressure of the steam as it passes through the buckets of the 
rotor and the added kinetic energy is partly utilized in the buckets in 
which it is generated. 

The first step in the study of the steam turbine is evidently the 
consideration of the conversion of heat energy of steam into kinetic 
energy, 

288. Flow of Steam through an Orifice— Critical Pressure. — 
Suppose that a partition AB (Fig. 502) between a chamber 0 and a 
chamber D has an orifice 0 in it, the orifice being rounded as shown. 
Let the chamber C contain steam at a constant pressure P x lb. per 

898 
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square foot or p± lb. per square inch, and volume v A cubic feet per lb. 
Also let tho chamber D contain steam or air at a pressure P lb. per 
square foot. 

Steam will flow from the chamber 
C through the orifice to the chamber D 
and the flow will be greater the smaller C 
P is, provided that P is not loss than 
a certain pressure, called thje critical 
pressure , which lies between O'SPj. and 
O'GP^ and the discharge will be a 
maximum when P has the value of tho 
critical pressure. For all values of P 
less than the critical pressure the dis- Fro. 602. Fig. 503. 

charge is the same as when P is equal 

to the critical pressure. These facts wore first established experi- 
mentally by Mr. R. D. Napier in 1807. 

Let P 2 be the pressure of the steam, in lb, per square foot, in the 
throat, or narrowest section of the orifice, A the area of the throat in 
square feet, and V the velocity of the steam through the throat in 
foot per second. Also let ?; 2 be the volume of l lb. of the steam when 
it has expanded to the pressure P 2 . 



VOLUME 


The flow or discharge W in lb. per second is 


AY 
*2 ’ 


In what follows it will be assumed that tho pressure in the chamber 
D is equal to p* tho pressure in tho throat of the orifice. 

If the flow is frictionless and adiabatic, the work done per lb. of 

steam as it expands in passing through the orifice is ft.-lb., 

where n is the index in the equation PV W = 0. The steam in moving 
in the chamber C towards the orifice against the pressure Y 1 does 
P 1 v 1 ft -lb. of work per lb., and the work done against the pressure P 2 
as the steam leaves the orifice is P 2 r 2 ft.-lb. per lb. The net work 
done in giving velocity to tho steam is represented by the hatched area 
in Fig. 503, and this will appear as kinetic energy in tho steam as it 
leaves the orifice. 


Hence, ^ = n “ l (PjPj - P 2 » 2 ) = — 1 Pi(«x - n> 2 ) where 

X I 

Since P^" = P 2 » 2 '‘' H = = w i(~ ) 


Therefore 


, V-V^-^jPaO -r*') 

1 

« f p j? 2+1 


, „ T AV AVr 
and, W = - = - 

v 2 v x 

2 n+1 

This makes W a maximum when r n — r n is a maximum. 
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3 


Let y = r n 


9 1 + 1 
Y rt 


then 


dy 

dr 



n + 1 


2 “~ n 

mum when - r n 
n 


n + 1 
n 


r n 


= 0, that is, when 


and y is a maxi- 


r 


-w 



If the steam at the higher pressure is dry and saturated the value 
of n is about 1*135 and the value of r for maximum discharge is then 
0*577. 

If the steam at the higher pressure is sufficiently superheated to 
prevent condensation during expansion, the value of n is about 1*3 and 
the value of r for maximum discharge is then 0-546. 

If the steam at the higher pressure is superheated but not 
sufficiently to prevent condensation throughout the whole of the 
expansion, the value of r for maximum discharge will lie between 
0-577 and 0*546. 


Inserting r = (^-y) in the expression for W, the maximum 


discharge is 


W, 


= $ 


» 

( 2 v- 1 

( 2 V 

— =\l 

l - 1 1 

In + I ' 

Vw+ 1/ 


n+i 


Putting n = 1*135, and g = 32*2, 

W m = 3-607 = 0-3007«y/^ 

where a is the area of the throat in square inches, and pi is the initial 
pressure in lb. por square inch. 

Putting n = 1-3, W m = 3-786A /> y^ 1 = 0-3155ffl,y/? 1 

Inserting r = ^ 1 the expression for Y then the velocity 

through the throat when the discharge is a maximum is 

V » = \/2J-” 1 IV’1 


Putting n = 1-135, V m = 5*851 VPx?*! = 70-21 V 

Putting n = 1*3, V m = 6-033 VP^ = 72 40^ p x v ± 

The graphs of = 70 21 and V w = 72-40*/p 1 v 1 are shown 

in Fig. 504, from which it will be seen that for initial pressures likely 
to occur in practice the range of the maximum velocity of steam in the 
throat of an orifice is comparatively small. 

The mathematical demonstration which has been given proves that 
there is a certain critical pressure at the exit of the orifice for which 
the discharge of steam is a maximum. It follows that if the discharge 
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continues at that maximum value when the pressure just beyond the 
outlet is less than the critical pressure the conditions as to pressure 
and velocity within the 



Fig. 604. 


orifice must remain 
constant, that is to 
say, while the pressure 
within the orifice at the 
outlet is the critical 
pressure, just beyond the 
outlet it may be very 
much less. This at 
first is difficult to realize, 
but the physical explanation is that to transmit a pressure through 
any medium requires time, and when the discharge is a maximum the 
velocity of the issuing steam is higher than the rate at which pressure 
can be transmitted through it. The lower pressure in the chamber D 
(Fjg. ,502) may be likened to a push against the jet of steam and if the 
jet is travelling faster than the rate at which the push can be transmitted 
through it the effect of ilip lower pressure can never reach the jet at 
the throat. 

After the steam has left the orifice against a pressure less than that 
just within it the steam will of course expand to the lower pressure, 
but the kinetic energy produced by this further expai sion will be 
reconverted into beat, the motion of the steam being now turbulent. 
Tho kinetic energy of a jet of steam issuing from an orifice is therefore 
very limited since the fall to the critical pressure is less than half tho 
initial pressure. If, however, a properly designed divergent passage 
be added to the orifice on the outlet side a much larger amount of 
kinetic energy may be given to the jet and a larger pressure drop be 
utilized. This point is considered in the next Article. 

The flow of steam through an orifice may also be studied with 
reference to tlie heat drop between the two extreme pressures within 
tho orifice. The heat drop is the difference between the total heat of 
the steam per lb. at the pressure l\ and the total heat at the pressure 
P 2 . In estimating tho total heat of the steam, allowance must of 
course bo made for its condition as regards the amount of superheat, if 
any, or tho amount of wetness if it is not dry. 

Let the heat drop be denoted by U. Then for frictionless adiabatic 
flow JU is the increase in the kinetic energy of the steam per lb. 
duo to the heat drop U. Hence neglecting the small initial velocity 

V2 

the steam may have, before entering the orifice, ~ = J U, and 

V=V2pJU. 

If U is in C.H.U., then V » 300 JV. 

If U is in B.Th.U., then V = 224 V U. 

AV 

Also, using the same symbols as before, W = 

v 55 

The heat drop corresponding to the adiabatic expansion from one 
pressure to another is very readily found from the total heat- entropy 
chart. 
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Example. — Let the pressures at the inlet and outlet of an orifice 
be 120 and 70 lb. per square inch respectively, and let the area of the 
throat be 1 square inch. It is required to find the velocity arid 
discharge through the throat if the steam is dry and saturated at the 
higher pressure and the flow is frictionless and adiabatic. 


Po 


First method. — = 144 x 120, P 2 = 144 x 70, r = ~ 

» = 1-135, A = and v 1 = 3*73. 

/ n W ’ 1 I 

V = v 2 g~ ) 

. irTjir 

= V 2 x 32-2 X X 144 X 120 X 37 3 jl - (^)"’*| 
= 1472 feet per second. 


1472 


O' 


i 

135 


_ AVr“ _ 

__ — — _ - 144 x 3 . 7 o 


= 1-705 lb. per second. 


Second Method . — The total heat of dry saturated steam at the 
Ligher pressure is 662*4 C.TI.U. The total heat of dry saturated 
steam at the lower prossuro is 656*6 C.R.U., its latent heat is 
505*2 C.H.U., and its specific volume is 6*20 cubic feet. 

Calculating the dryness fraction of the steam at the lower pressure 
after adiabatic expansion as explained in Art. 60, p. 60, it is found 
to be 0*964. Hence the heat of the wet steam at the lower pressure 
is 656-6 — 505*2 + 0*064 x 505*2 = 63d*4 C.H.U., and the heat drop 
is 662*4 - 638*4 = 24*0 C.H.U. 

V = V 2</JU = 2 x 32*2 x 1400 x 24 --= 1471 feet per second. 

The actual volume of the wet steam at the lower pressure is 
0*964 x 6*20 = 5*977 cubic feet per lb. 

AV 1471 

W = - = = 1-709 lb. per second. 

v 2 144 x 5*977 r 

The results obtained by these different methods are in sufficiently 
close agreement. 

289. Flow of Steam through a Convergent-Divergent Nozzle. — 
It has been pointed out (p. 401) that when steam is issuing from an 
orifice against a pressure less than the critical pressure, the expansion 
which takes place after tho steam leaves the orifice is not available for 
increasing the kinetic energy of the jet. It was also seen that the 
effective pressure drop in the orifice is less than half the initial pressure 
and that in consequence the kinetic energy of a jet issuing from an 
orifice is very limited. If, however, a divergent passage be made to 
form a continuation of the orifice the adiabatic expansion of the jet 
may be continued beyond the orifice and its velocity and kinetic energy 
may in consequence be considerably increased. Tho orifice and its 
divergent extension together form a convergent-divergent nozzle. Such 
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a nozzle is shown in Fig. 505 and its effect on the steam flowing 
through it will he best illustrated by a numerical example. 

It will be as- 
sumed that tho 
steam is initially z 
dry and saturated ^ 
and that the initial ^ 
and exit pressures 4/5 
are 149 and 2 lb. g 
per square inch °*. 80 
respectively. It -J 
will also be as- S 
suraed that the 3 
flow through the jjj 20 
nozzleis frictionless °- 

that the weight of ” f 

through ?«, aS i Si lb ff 10 * - 12-606 

satisfy these con- ' ^ \ m'' 

ditions the nozzle 

will require to have a certain definite diameter at the throat and 
another definite diameter at the exit. These diameters will first be 
determined. 

Considering the convergent part of the nozzle as an orifice, it follows 
that the pressure in the throat is the critical pressure which in this 
case will be 0 577 X 149 = 80 lb. per square inch. Computing the 
dryness fraction of the steam, after adiabatic expansion to a pressure 
of 86 lb. per square inch (Art. 60, p. 69), it is found to be 0*962. 
Tho specific volume of dry saturated steam at a pressuro of 86 lb. per 
square inch is 5*11 cubic feet ; therefore the actual volume of the wet 
steam at this pressure is 0*962 x 5*11 ='4-916 cubic feet. The total 
heat of this wet steam is 658*8 — 499*3 4* 0*962 x 499*3 = 639*8 C.H.U. 

The total heat in the dry saturated steam at the initial pressure is 
664*6 C.H.U. 

The heat drop is therefore 664*6 — 639*8 = 24*8 C.1I TJ. 

Hence the velocity through the throat is 300 V 24*8 = 1494 feet 
per second. 

144 v 4*916 

Area of throat = 1 Q = 0*4738 square inch, and the 


T’O. 505. 


Area of throat = 


diameter is 0*777 inch. 

At the exit of the nozzle the pressure is 2 lb. per square inch. 
The dryness fraction after adiabatic expansion to this pressure is 
found to be 0*803. The specific volume of dry saturated steam at a 
pressure of 2 lb. per square inch is 173*5 cubic feet; therefore the 
volume of the wet steam at this pressure is 0*803 x 173*5 = 139*3 
cubic feet. The total heat of this wet steam is 

619*1 - 566*9 + 0*803 x 566*9 = 507*4 C.H.U. 

The total heat drop is 664*6 - 507*4 = 157*2 C.H.U. 
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Velocity at exit = 300^ 157-2 = 3761 feet per second. 

Area of exit = = 5-333 square inches, and the 

or 61 

diameter is 2*606 inches. 

Provided that the cross section of the nozzle changes gradually its 
form may vary considerably without any serious effect on its efficiency. 
A common form is shown in Fig. 505. The entrance up to the throat 
is rounded and beyond tho throat the nozzle is conical, the angle of 
the cone being 10°. Adopting this form for the above numerical 
example and calculating the velocities and diameters for a number of 
intermediate pressures, the pressures and velocities may be plotted and 
the curves shown in Fig. 505 obtained. 

290. Effect of Friction in a Nozzle. — All the steam passing 
through a nozzle does not follow perfect stream lines ; there is a certain 
amount of eddying or irregular motion which results in friction 
between the molecules of the steam. There is also friction between 
the moving steam and the surface of the nozzle. All this friction has 
the effect of reducing the final kinetic energy of the jet, but the energy 
spent on friction is reconverted into heat which appears in the steam 
and increases its volume. 

The effect of friction on the steam jet may be further explained 
by reference to steam charts, taking first tho temperature-entropy 
chart, Fig. 506, and reproducing, for the sake of clearness, only 
the lines of the chart necessary for two particular cases. In one 
case the condition of the steam 

on entering the nozzle is re- j 


TEMP. U 
PRESSURE p 2 


presented by the point I), tho superheat line . 

temperature being t x> pressure press. p a temp.^ to t^J 

and dryness fraction BD/llC. R / temp. 

Frictionless adiabatic flow to the r pressure p 

lower temperature t 2 and pressure 1 

p 2 is represented by the vertical 

line DE, a line of constant \ 

entropy, and the dryness fraction temp. U 

at the end of this expansion, as PRESSURE p 2 \ 

the steam leaves the nozzle, is 
AE/AK. The heat returned to 
the steam, due to the friction, in- 
creases the entropy of the steam, 
and at the end of the expansion 
the increase of entropy is repre- 
sented by EF, and the dryness 
fraction is then AF/AK, and the 
volume per lb. discharged is in- 
creased in the ratio of AF to AE. 

The heat in the steam per lb. 

discharged when there is friction ENTROPY N 

is greater than when there is no Pig. 506. 

friction by the amount repre- 
sented by the hatched area EFLN , but when the whole of the 
available heat drop is given to the steam as kinetic energy this amount 


Fig. 506. 
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of heat is represented by the area ABDE ; therefore with friction the 
amount of heat converted into kinetic energy in the jet is represented 
by the area ABDE — the area EFLN. 

The addition of entropy to the steam, when there is friction, goes 
on from the beginning to the end of the expansion so that the 
expansion line is a curve DF. 

The case of steam initially superheated to the temperature / 3 and 
at the same pressure pi is also illustrated in Fig. 500. When there is 
no friction de is the expansion line and the heat converted into kinetic 
energy appearing in the jet as it leaves the nozzle is represented by 
the area ABC de, and when there is friction this amount is diminished 
by the amount represented by the area eflu and the expansion line is 
the curve df. 

Taking next the total heat-entropy 
chart, Fig. 507, and reproducing only the 
lines of constant pressure for the pressures 
pi and p 2 between which the expansion 
takes place in the nozzle. The condition 
of the steam on entering the nozzle is 
represented by the point D. Frictionless 
adiabatic expansion to the lower pressure 
p 2 is represented by the vertical line DE, a 
line of constant entropy. The length of DE, 
measured on the total heat scale, is equal 
to the total available heat drop. With 
friction the part DC is utilized to give 
kinetic energy to the jet. ITenoe, if the 
horizontal line GF be drawn to meet the 
constant pressure line p 2 at F, the point F 
represents the condition of the steam at 
the end of the expansion, and the ex- 
pansion line is DF. 

The ratio of the heat drop DG (J<’ig. 507) to the whole available 
heat drop DE is called the efficiency of the nozzle. The efficiency of 
the nozzle is also the ratio of the actual kinetic energy of the jet to 
the kinetic energy with frictionless adiabatic flow. 

Mr. H. M. Martin gives 1 a formula for the heat loss in convergent- 
divergent nozzles, based on the results of experiments, namely, per- 
centage boat loss = 0*06 (u — 45), where u is the available heat drop 
in B.Th.U. If U is the available heat drop in C.U.U. the above 
formula becomes, percentage heat loss = 0 p 108 (U — 25). For 



example, if U = 125 C.U.U. the heat loss is 10*8 per 
13*5 C.H.U., and the efficiency of the nozzle is 


cent, or 
= 0*892, 


or 89*2 per cent. 

Experimental evidence goes to prove that in a convergent- divergent 
nozzle the loss due to friction in the convergent part up to the throat 
is practically negligible and all the loss may therefore be taken as 
occurring in the divergent part. 


1 “ Design and Construction of Steam Turbines," p. 26. 
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Referring to the example worked out in Art. 289 and illustrated 
by Fig. 505, the effect of friction in that case may now be considered. 
The available heat drop was 157'2 C.H.U. 

Using Mr. Martin’s formula, the percentage heat loss due to friction 
is 0*108(157-2 — 25) = 14*3. The heat loss per lb. is therefore 
0*143 x 157*2 = 22*5 C.H.U. 

The temperature of the steam at exit is 52*3° C. or 52*3 + 273 
= 325*3° C. absolute. Referring to Fig. 506, but remembering that 
D coincides with C in the example now being considered, the increase 

22*5 

of entropy due to friction is EF = == ^ 0692. 

AE = 1*5734 - 0*1748 = 1*3986. AF = 1*3986 + 0*0692 = 1*4678. 
AK = 1*9170 — 0*1748 = 1*7422. The dryness fraction, with friction, 

at exit is /-;!! = 0 842 instead of 0*803 without friction. 

AK 1*7422 


Volume of steam at exit = 0*842 x 173*5 = 146*1 c. ft. 

The net heat drop is 157*2 - 22*5 = 134*7 C.H.U, 

Velocity at exit is 300^/134*7 = 3482 feet per second instead of 
3761 feet per second when there is no friction. 

144 v 146-1 

Area of exit = — — = 6*042, and the diameter is 2*774 

«34o2 

inches instead of 2*606 inches without friction. 

291. Theory of the Injector. — The study of the steam nozzle leads 
to its application in the injector, an approximate theory of which may 
be considered here. A 

WATER SUPPLY LEVEL 

BOILER WATER LEVEL 


I 




complete theory of the in- 
jector has not yet been for- 
mulated, and it must be 
understood that the for- 
mulae obtained in what 
follows are to be regarded 
as approximate only. 

The main features of 
the injector, as applied to 
feed-water into a boiler, are 
shown diagrammatical ly in 
Fig. 508. Steam from the 
same boiler, or from some 
other source, is supplied to 
the injector and passes through the convergent nozzle A and then into 
the convergent nozzle B. Between the nozzles A and B there is a gap 
m communication with a chamber C into which the feed-water enters. 
The steam and water mix in B, the steam being condensed. The 
water flows into the divergent nozzle E and then through a pipe to 
the boiler. A chamber D, provided with an outlet O, surrounds a gap 
between the nozzles B and E to allow of the escape of excess water at 
starting. 

The object of the following investigation is to obtain formulae for 
the weight of water taken into the injector per lb. of steam supplied, 
and the diameters of the throats of the nozzle for a given delivery 
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of water in a given time, also the probable temperature of the water 
delivered. 

Let 1 lb. of steam at an absolute pressure of p ± lb. per square inch 
and volume v x cubic feet per lb. be supplied per second. 

The first stop is to determine the velocity of the steam in tho 
throat of the nozzle A. It is assumed that the steam expands 
adiabatically in the nozzle A, A reasonable assumption which is 
usually made is that the pressure in the throat of A is not less than 
the critical pressure (Art. 288), which for steam initially dry and 
saturated is O'Sllp^ lb is further assumed that the pressure in the 
throat is 0*0p L . It has been shown (p. .‘599 j that the velocity in the 
throat of a convergent steam nozzle is — 

V = i - r » ) 


Putting n = 1*135, r = 0*6, rand P x = 1 44j> lf V = 67*8 

Since v i diminishes as p x increases it will be found that for a 
considerable range of pressure V does not differ much from 1400 feet 
per second. 

The velocity Y may also be found by first determining the heat 
drop from tho Mollier diagram or by calculation as already fully 
explained. 

Let \ l be the velocity of the water as it enters B from C, and let 
W be the weight of water entering C in lb. per second. Also let V 2 
bo the velocity of the water through the throat of R. V x = V 2(jl v 


V 

The momentum of the steam entering B = . The momentum 

<J 

WVi 

of tho water entering B = The momentum of the water in the 

(W + 1)V S 


throat of 15 = 


0 


Hence, by the principle of the conservation of momentum, 
V WY i= ( w + 1)Y 2 
g + J <J 


or Y + WV X =- (W 4- 1)Y 2 


If tho wator is lifted into C through a height / x by tho action of 
the injector instead of being forced in as shown in Fig. 508, then 
Y - WV 1 = (W + 1)Y 2 . 

V WVi V— Vo 

Hence, including both cases, V 2 = ^ ± ^ ^ , and W = + ^ 

WY, 

Since V x is usually small compared with Y the term ^ may 


V 


generally be neglected, then V 2 = ^ 


and W = - 1 

’ 2 


Owing to the presence of the gap between the nozzles B and E the 
pressure of the water in the throat of B may be taken as atmospheric, 
say 15 lb. per square inch, and as the water is warm its density may 
be taken as 62 lb. per cubic foot. 
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Y 2 

Kinetic energy of 1 lb. of water in the throat of B = 

Pressure 144 x 15 

When the water reaches F its velocity has been considerably 
reduced by the divergent nozzle E and is now, say, V 3 . 


At F the pressure energy of 1 lb. of water is 


144 p 3 


6 2 ' + 2 » where p 3 

is the absolute pressure of the steam in the boiler in lb. per square 
inch, and 1 2 is the head of water in feet at the delivery end of the 
injector. 

Hence, by the principle of the conservation of energy, 


V 2 2 , 144 x 15 


JJL + 


62 


,1HP3 V s 2 

W +h + ~2 g 


The water ultimately conies to rest in the boiler and the kinetic 

Y 2 

energy — - 3 - may be taken equal to the pressure energy due t6 an 
*9 

addition of, say, 30 feet to the lift Z 2 which corresponds to Y 3 = 4.4 feet 
per second and to an addition of about 13 lb. per square inch to the 
boiler pressure. 


„ V 2 * , 144 x 15 

HenCe > 2 g + 62 - 


] 14^3 
62 


+ Z 2 + 30 


and, V 2 = \J 2</j 1 44 ^ 1 ^ + h + 30 j 

Having found V and V 2 the weight of water W per lb. of steam 

Y — Vo V 

may now be calculated from W = , or W = — 1 if Y x is 

v 2 ± v i V 2 

neglected. 

If the actual delivery is to be W' lb. of water and w r lb. of con- 
densed steam per second, then W ; + w f = W'^l + 


Let a 2 = area of throat of B in square inches, and 
d 2 = diameter of throat of B in inches, then 

+vv) 


144W1 


O 2 — ' 


6 2 V 9 


", and 


/4 (la 


To rerluce the velocity in the divergent nozzle E from V 2 to V 3 

the diameter at the outlet should be d 3 = d 2 \J ^ 2 . 

. V ? 

Let v be the volume of the wet steam, in cubic feet per lb., after 
expansion in the nozzle A, let a x be the area of the throat in square 
inches, and let d x be its diameter in inches, then 

rtnV , W' . 14 lW'i? , , /4^ 

- u4 = = w ** and ai = WV 1 aDd dl = V ,r 

Considering next the interchange of heat per lb. of steam. 
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Total heat in steam entering injector = * 1 L 1 + 1t v where x x is the 
dryness fraction, Lq the latent heat, and h x the sensible heat. 

Heat in water supplied = WA 2 . 


WYi 2 

Heat equivalent of kinetic energy in water supplied = + . 

Heat in (W +1) lb. of water after mixing = (W + J)A 3 . 

Heat equivalent of kinetic energy of water after mixing 

= ( W -f 1 ) Y 2 2 

Hence, a' 1 L 1 + = (W + 1)* 3 + - W ^ ^- 2 " 

*jf/d 

an equation from which A 3 may be found. 

The term ~2gj~ c l u ^ e negligible and the term ^ 2 ma y 

generally he neglected. Neglecting these terms, the above equation 
becomes aqLq + h 1 + WA 2 = (W 4- l)A 3 . 

Using Centigrade, h 2 may lie taken equal to the temperature t 2 and 
A 3 equal to tho temperature / 3 . Using Fahrenheit, A 2 may be taken 
equal *to (t 2 — 32) and A 3 equal to (£ 3 — 32). 


Exercises XX (a). 

Note. — Pressures given are absolute unless stated to be otherwise . 

1. The diameter of fcli e throat of an orifice is 0 75 inch. Steam initially dry 
and saturated, and at a pressure of 150 lb. per square inch, flows through this 
orifice against a back pressure of 90 ll>. per square inch. Compute the weight of 
steam discharged per second, assuming fricLionless adiabatic flow. Determine 
also the critical back pressure and the maximum possible discharge. 

2- Determine the diameter of the throat of an orifice through which there is 
a flow of 21 lb. of stoam per minute. The initial pressure is 120 lb. per square 
inch and the hack pressure is 72 lb. per square inch. Tho steam at the higher 
pressure is dry and saturated. Assume frictionless adiabatic flow. 

3. Calculate tho velocity of steam through the throat of an orifleo, in feet per 
second, for maximum discharge, when the initial pressures are 50, 100, 200, and 
8001b. per square inch. The steam is initially dry and saturated and the flow 
is frietionless and adiabatic. 

4. Steam, dry and saturated, at a pressure of 170 lb. per square inch is supplied 
to a convergent-divergent nozzle and is delivered at a pressure of 2 lb. per square 
inch. Determine the diameters at the throat and exit of the nozzle if the 
delivery of steam is 30 lb. per rninuto. Assume frictionless adiabatic flow. 

5. Same as oxercise 4 except that instead of the steam being initially dry and 
saturated it is wet, tho dryness fraction being 0 980. Also, express the kinetic 
energy of tho jot at exit, in this exercise, in terms of that in exercise 4. 

6. Steam flows through a properly designed nozzle and the pressure drops 
from 180 to 2 lb. per squaro inch. Assuming frietionless adiabatic flow, compute 
the dryness fraction and the velocity of the steam as it leaves the nozzle when the 
steam at the higher pressure is, (a) dry and saturated, (6) superheated 60° C. 
above tho saturation temporaturo. 

7. A convergent-divergent, nozzle is roquirod to pass 720 lb. of stoam per hour 
with a pressure drop from 190 to 2 lb. per squaro inch. The steam at the higher 
pressure is dry and saturated. Assuming that the frictional resistance is 
equivalent to 13 per cent, of the available heat drop, determine the diameters at 
the throat and exit. 

8. An injoctor is require^ to deliver 20 gallons of water per minute from a 
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tank whose constant water level is 4 feet below the level of the injector inro a 
boiler in which the steam prossmre is 200 lb. per square inch absolute. The water 
level in the boiler is 5 feet above the level of the injector. The steam for the in- 
jector is to be taken from the same boiler and it is to be assnmed as dry and 
saturated. The temperature of the water in the supply tank is 15° 0. Compute : 
(a) The weight of water taken from the supply tank per lb. of steam, (b) The 
aiamoter of the throat of the mixing nozzle, (c) The diameter of the throat of 
the steam nozzle, (d) The temperature of the water leaving the injector. 
Neglect radiation losses. 

9. The same as exercise 8 oxcept that the boilor pressure is to be 60 instead of 
200 lb. per square inch absolute. 

10. The same as exorcise 8 except that the steam supplied to the injoctor is 
to be the exhaust steam from a non-condensing engine, this steam having an 
absolute pressure of 20 lb. por square inch and a dryness faction of 0*85. 


292. Force and Momentum. — When tho force of gravity acts on 
amass of W lb. and the mass is quite free to move directly towards 
the earth, its velocity increases uniformly at the rate of g feet per 
second every second during which the force acts and the body moves 
freely. If the same mass is acted on by a force equal to that of gravity 
but in, say, a horizontal direction, and the mass is free to move in that 
direction, then its velocity will increase at the same rate as before, 
namely, g feet per second per second. Now suppose that the same 
mass of W lb. is acted on by a force of P lb. and that the mass is free 
to move in the direction in which P acts, then the velocity of the mass 

P f 

will increase at the rate of / feet per second per second, and = - 

w 7 . 

or P= g ' This is a fundamental principle of mechanics. 

If a mass of W lb. has a velocity of V feet per second at any 
WV 

instant, then is called tho momentum of the mass at that instant. 

9 

Again, if a force of P lb. acts on a moving mass of W lb. for one 
second, and the velocity of the mass in the direction in which 
P acts changes from V 1 to V 2 feet per second, then V x — V 2 =/, 

. w / W(Yj - V 2 ) WY X WV 2 , . , 

and P = — - = — 1 - = — — - , that is. change in 

9 9 9 9 


momentum per second is equal to the force producing that change. 

293. Action of Steam on Buckets of Impulse Turbine. — In a pure 
impulse turbine the buckets of a stage are surrounded by steam at the 
same pressure everywhere and there is therefore no drop in pressure 
as the steam flows through the bucket passages. The flow through 
the bucket passages is due to the kinetic energy of the steam, but in 
flowing through the absolute velocity of the steam is reduced and it 
gives up kinetic energy and in* doing so causes a dynamic pressure or 
driving force on the buckets. 

Referring to Fig. 509 AB is the axis of a nozzle which delivers 
steam at a high velocity on to a series of buckets mounted on the rim 
of a wheel or rotor. On the axis of the nozzle a length AB is taken 
to represent the velocity V x of the steam as it leaves the nozzle and 
impinges on the buckets of the wheel. GB represents in magnitude 
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and direction the mean velocity S of the buckets, and the line AC will 
represent the velocity R x of the steam in relation to the buckets. If 
the steam is to enter the bucket at B without shock AC must be the 
direction of the tangent to the bucket at entrance. 

Completing the parallelogram ACBD, R A is also represented by 
DB. Fixing attention on the bucket at B, the steam will flow over 
its concave surface and leave it at b with a relative velocity R 2 in the 
direction of the tangent bd to the inner curve of the bucket at b. If 



there is no friction ll 2 = K lf but friction causes R 2 to be less than R 1# 
Making bd equal to R 2 , and bn , parallel to CB, equal to S, and 
completing the parallelogram dbca tho absolute velocity V 2 of the 
steam as it loaves the bucket is represented by ba. 

The essential lines in the velocity diagrams given in Fig. 509 may 
be combined in one diagram as shown in Fig. 510. 

Another form of tlie velocity diagram is shown in Fig. 511 ; this is 
tho most convenient 
form to use when deal- 
ing with compound tur- 
bines. In Fig. 511 the 
triangle of velocities at 
entrance 1VR corre- 
sponds to the triangle 
ABC in Fig. 510 and 
the triangle of velo- 
cities at exit 2VR cor- 
responds to the triangle 
diagram in Fig. 511 will 
with compound turbines. 



Fig. 511 . 

abc. The arrangment and lettering of the 
be more fully appreciated later when dealing 

Vi2 


The kinetic energy of the steam per lb. as it enters the buckets is ~ 1 

V 2 

ancl its kinetic energy as it leaves the buckets is . Hence, if there 

2g 

is no friction, the energy given to the wheel per lb. of steam is 
— V 2 

- — . This may be called the indicated work on the wheel since 

2g 
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it corresponds to the indicated work in the cylinder of a reciprocating 
engine. 

If P is the mean tangential effort on the wheel per lb. of steam 
V,2 _ \T2 V,2 — V«2 

per second, then PS = - — - and P = - 1 . , 2 . 

2g 

The energy given to the wheel and the effort exerted on it may also 
be arrived at by considering the change in the momentum of the steam. 
On entering the buckets the velocity of tho steam in the direction of 
the motion of the buckets is represented by Nil (Fig. 510) which is equal 
to X 1 cos a. This is called the velocity of whirl of the steam at entrance. 
On leaving the buckets tho velocity of the steam in the direction of the 
motion of the buckets is represented by nb (Fig. 510) which is equal 
to — V 2 cos ft , and this is the velocity of whirl at exit. 

In passing through the buckets the change in the momentum of 
the steam per lb. per second in tho direction of the motion of the 

buckets is - (Vj cos a + Vo cos f3) and this is also equal to the effort P 

Therefore the energy given to the wheel per lb. of steam per second 

is PS = "(V x cos a + v 2 cos /3). 

X 2 - V 2 S /AT . TT 

Hence ----- 1 = - (V, cos a + V« cos B). 

It may be noted here that V x cos a + V 2 cos J3 = w may be taken 
directly from the velocity diagram Fig. 511, This diagram also shows 
that X 1 cos a + V 2 cos ft = H 1 cos 0 1 + R 2 cos ^2- 

On entering the buckets tho velocity of the steam in the direction 
'parallel to the axis of the wheel is represented by AN in Fig. 510 and 
by N1 in Fig, 511 and this is equal to Vj^sin a = u x . On leaving the 
buckets the velocity of the steam in tLe direction parallel to the 
axis of the wheel is represented by na in Fig. 510 and by «2 in 
Fig. 511 and this is equal to V 2 sin ft = u 2 . The velocities and 
w 2 are the velocities of flow of the steam in the direction parallel 
to the axis of the turbine at entrance to and exit from the buckets, 
respectively. 

In passing through the buckets tho change in the momentum of 
the steam per lb. per second, in the direction parallel to the axis of tho 

wheel, is -(Vjsina — V 2 sin/j) and this is the axial thrust on the 

wheel. Since Vx sin a = II x sin 0 1 and V 2 sin /3 = R 2 sin 0 2 the axial 

thrust on the wheel is also equal to -(R^sin 0* — R 2 sin0 2 ). 

9 * 

294. Effect of Friction in Impulse Buckets. — The effect of friction 
in the buckets of an impulse turbine is to make R 2 less than Rj. 
Let R 2 = 4R lf where k is a coefficient of velocity or friction factor. 
According to Professof Rateau, who made numerous and careful 
. experiments to determine the value of k , when the buckets are very 
carefully made, smooth, and with sharp inlet edges, the value of k 
may be as high as 0*85, but it is expedient to reckon on k being 
from 0*75 to 0-80. 
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The loss of energy per lb. of steam due to friction in the buckets is 
Rj 2 -S 2 2 _ Ri 2 (l - If ) 

2g ~ '2ij 

The loss due to the kinetic energy in the steam leaving the 

buckets is \ 2 - per lb. of steam. 

2g 

Hence the energy given .to the wheel, or the indicated work, 

„ , , . Vx 2 - R,2(l - m - Vo 2 

per lb. of steam is — --- - i . 

2 |/ 

The tangential effort P per pouud of steam is still equal to 
~(V 1 cosa + V 2 cos ft), but V 2 cos has a smaller value when there is 
friction, than it lias when there is no friction. The tangential effort F 
is also equal to - (R x cos 0 i + U 2 cos 0 2 ) = (cos 0 X + k cos 0 2 ). 

The axial thrust per lb. of steam is equal to - ( V x sin a — V 2 sin ft) 

* g 

which is equal to - (li x sin 6 X — K 2 sin 6<>) = — 1 (sin 6 X — k sin 0 2 ). If 
0 U 

there is no axial thrust k sin 0 2 = sin 

295. Efficiency of Impulse Buckets. - The efliciency of the buckets 
of an impulse turbine, or, as it may he called, the efficiency of the 
wheel, is the ratio of the energy given to the wheel to the kinetic 
energy in the steam as it enters the buckets. This is also called the 
diagram efficiency because the quantities involved am obtained from 
the velocity diagram. 

V-2 __ V 2 

Without friction, efficiency = — 1 ^ z 


With friction, efficiency = 


V x 2 - 1^2(1 _ fc: 2) .. Y 2 2 


296. Speed of Impulse Buckets for Maximum Efficiency. — If, as 

is common, the buckets are symmetrical about the centre plane of 
the wheel, 4hen 6 X = 0 2 , and this will be assumed in what follows. It 
will also be assumed that V x and a are given. 

(1) Without friction. — When there is no friction the efficiency of 

y ,2 _ y «2 

the buckets is - 1 y 2 anc * * )e a maximum when V 2 

minimum. 

Refering to Fig* 512 ; since tljprc is no friction, ll 2 = Ri and since 
0 2 = 0 X the perpendiculars an and AN are equal and the position of the 
point a is independent of the bucket speed S. Hence Y 2 will be a 
minimum when ab coincides with an as in Fig. 513. Then ft = 90°, 
BC = CN, and S = cos a. Also tan 0 2 = tan 0 X = 2 tan a. 

If a = 20°, then S = 0-47V! and 0 X = $ 2 = 36°, 

(2) With friction. — When there is friction the efficiency of the 

v i 2 
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Referring to Fig. 514, R x 2 = Yj2 + g2 _ 2V*S cos a, 
Also, V 2 2 = R 2 2 + S 2 — 2R 2 S cos 0 2 , but R 2 = tR, and 
Rj cos $, = Vi cos a — S, and 0 2 = 6 X 
Therefore V 2 2 = VELf + S 2 _ 2 ftSVj cos a + 2&S 2 . 



Substituting these expressions for Rj 2 and V 2 2 in the expression 
for the efficiency, the latter expression reduces to 

This is a maximum when V 2 S cos a — S 2 is a maximum. 

Let y = V.S cos « - S 2 ^ = V, cos a - 2S. 

And y is a maximum when V 1 cos a — 2S = 0, that is, when 
S = JVj cos a, the same result as when there is no friction. Hence, 
BC = ON, as shown in Fig. 515. 



Referring to Fig. 515, S = }^V 1 cos a, and tan 0 2 = tan $ 1 = 2 tan a 
If a =r 20°, then S = 0*47 vj, and 0 2 = 0* = 36°, as when there is 
no friction. # 

297. Maximum Efficiency of Impulse Buckets.— The speed of the 
buckets corresponding to maximum efficiency has been shown in the 
preceding Article to be S = cos a, with and without friction. 

V 2 — V 2 

Without friction. — Efficiency = - 1 g 2 , and when the efficiency 

is a maximum V 2 = V* sin a. 

m. » . . Vi 2 — Vi 2 sin 2 a 0 

Therefore, maximum efficiency = — — = cos 2 a. 

M 2 
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With friction . — Efficiency = ^ ^ which has 

v i 2 


been shown to be equal to ^ S . cos 5 ~ K2 > 


V x * 


Putting S = ^ V-[ cos a, maximum efficiency = * 1" — cos 2 a. 

JL 


Taking a = 20 the maximupi efficiencies corresponding to various 
values of k are as follows : — 

Friction factor k . . . 0 7 0 8 0*9 1*0 

Maximum efficiency, per cent. 75- 1 79*5 83*9 88*3 

298. Effect of Bucket Speed on Wheel Efficiency. — For maximum 
efficiency of the buckets of a simple impulse turbine it has been shown 
that the speed S of the buckets should be equal to £V| cos a. At this 
speed the bucket angle 0 1 at entrance, if there is no “ shock,” has been 
shown to be such that tan = 2 tan a. For any other bucket speed 
0i will have a different value if there is to be no shock at entrance, 
but when the buckets are made with a .selected bucket angle this angle 
cannot of course alter and there must therefore be shock at entrance 
at all bucket speeds except one. 

The influence of bucket speed on wheel efficiency will be best 
understood by considering a numerical example. It will be assumed 
that the angle a which the axis of the nozzle makes with tb^ plane of 
the wheel is 20° and that the bucket angle at entrance is 36° which 
is the value of 0\ when 
S = iV x cos a. Friction 
will be allowed for and k 
will be taken equal to 0’75. 

Also Oo will be taken equal 
to $i. 

Referring to the velocity 
diagram Fig. 516, BC = CN 
= 0-47 Vp Take XB to 
represent a bucket speed 
S = mV 1 (in Fig. 516 
m = O^), m is the ratio of 
the velocity of the buckets 
to the absolute velocity of 
the steam issuing from the nozzle and is called the speed ratio. Then 
AX = K'i is the speed of the steam relative to the buckets, but this 
is not tangential to the buckets at entrance, the direction of the 
tangent at entrance beiug AC. Draw ZX at right angles to AC 
meeting AC, or AC produced, at-Z. Then AZ = Rp and ZX = r, 
are rectangular components of Rj' of which R* is tangential to the 
buckets at entrance and this would be the value of R 2 at exit if there 
were no friction. Taking k = 0*75, R 2 = 0-75 R r Making C a = R 2> 
then Y a = V 2 . 



R 2 _ R 2 

The loss of energy in the buckets is -■ 1 - — 2 

'ig 


2 9 ’ 


The loss of energy through shock may be taken as 
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The loss due to the kinetic energy in the steam as it leaves the 
. . . V 2 2 

wheel is — 

% 


Hence, efficiency = 


Vi 2 ~ ARi« -»*- Y a 2 


BS83! 


Tlie values of ll l , r, and V 2 are most readily obtained from the 
velocity diagram drawn to scale. 

For ms 0-3, 1^ = 0-718V lf r = 0-10V lf and V 2 = 0*34 Vi and 
the efficiency is 0*649 or 64-9 per 
cent. 80 

The results of tests seem to £ 
show that the shock term r 2 may 
be neglected. Neglecting r 2 the g 70 
efficiency is 65*9 per cent, when a- 
m = 0*3. £ 

Taking different values of m and 5 
proceeding as above, neglecting r 2 , Q 
and plotting the results, the curve m cnr 
shown in Fig. 517 is obtained. It 5C t)-5 0-3 0-4 (Hi J (VS 

will be found in this example that speed ratio -s/Vj. 

by the method just described the Fig. 517. 

efficiency when m = 0*47 is 77*3 

per cent and is represented by the point D in Fig. 517. Also the 
maximum efficiency is 77*8 per cent, and is represented by the point 
E for which m = 0*52. 

299. The de Laval Turbine. — The best known simple impulse 
turbine is the de Laval. A 


k =0*75 


pictorial view of the principal 
elements of this turbine is 
given in Fig. 518. A wheel 
1 mounted on a shaft 2 has 
a large number of buckets 3 
attached to its rim. The steam 
is expanded in one or more 
fixed convergent-divergent 
nozzles 4 which direct it on 
to the buckets on the wheel. 
In Fig. 518 four such nozzles 
are shown. The steam issues 
from the nozzles with a velocity 
between 3000 and 4000 feet per 
second. 

The action of the steam on 



the buckets has already been Fig. 518. 

explained and it has been shown 

that for maximum efficiency the bucket speed should be about 
half the steam speed. In practice such a high bucket speed is not 
practicable. The normal speeds of some standard sizes of de Laval 
turbines are given in the following table. 
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I Torso-power ... 5 30 100 i 300 

Mean diamotor of wheel . . in oh os 3*94 ft-BG : 19*09 I 29*92 

Revolutions per minute .... 30, 000 20,000 ! 13,000 ! 10,000 

Mean bucket speed . , ft. per sec. 515 773 1 1 L7 1384 

Tho mean diameter of the wheel is the diameter measured to the 
middle of the buckets. 

At the very high speed at which the wheel is run the centrifugal 
forces of the buckets and the body of tho wheel are very great, necessi- 
tating an increasing thickness of the wheel towards its axis. The 
theory of the design of such a wheel is somewhat complicated and 
need not be considered here, but ifc may bo mentioned that the wheel 
is very much weakened by a hole through its centre. For turbines up 
to 150 horse-power the shaft passes through the wheel, but for larger 
sizes the wheel is solid at the centre as shown in Fig. 51*9. In this 
design the shaft is flanged and bolted to the wheel as shown. 

A point of great importance is that tho slightest want of balance 
in the wheel would set up powerful vibrations if the shaft were quite 
rigid. To avoid these vibrations the shaft is made slightly flexible 
by having its bearings some 
distance from the wheel. This 
slight flexibility allows the 
wheel to run about an axis 
passing very nearly through 
the true centre of gravity of 
the wheel when the speed 
suflicie Lilly exceeds a certain 
critical speed. 

Referring to Fig. 519 it 
will he noticed that just under 
the rim tho web is reduced 
in thickness by grooves G 
on the sides. The object is 
purposely to make this the 
weakest part of the wheel, so 
that should it give way under 
the centrifugal forces at exces- 
sive speed only the rim will 
fly off, which although serious p K , 5^9 

enough would not be nearly 

so disastrous as tho bursting of tho wlioel near the centre. 

At (A) in Fig. 519 a portion of the rim of the wheel is shown to a 
larger scale, illustrating the form of the buckets and tho method of 
attaching them to the wheel. Keyhole slots are made in the rim and 
tho tail parts of the buckets are pressed into these slots. The outer 
ends of the buckets are flanged on the back and the flange of one 
bucket fits close against the face of the next and prevents the escape 
of the steam from the buckets in the radial direction. The buckets 
are made of steel. For the smaller sizes of wheel the buckets are 
stamped out, but for the larger sizes they are milled out of the solid. 

2 E 
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In consequence of the very high speed at winch the wheel of a de 
Laval turbine has to run it is usual to have a ‘reducing gear as part of 
the engine. Two pinions on the turbine shaft gear with wheels on a 
second motion shaft from which the power is taken. The gear teeth 
are helical. To avoid end thrust on the shafts the teeth on one pinion 
are right-handed while those on the other are left-handed. Generally 
the speed reduction is 10 to 1 in the smaller turbines and 13 to 1 in 
the larger. » 

A nozzle and its casing together with the shut-off valve are shown 
in Fig. 520. The buckets B in the neighbourhood of the nozzle are 



Fig. 520. 


also shown. The axis of the nozzle is inclined at an angle a to the 
plane of the wheel ; a is usually 20°. The nozzle has a straight taper. 
In Fig. 520 the taper ends at the right hand edge of the exit, beyond 
which the nozzle is cylindrical. Frequently the straight taper is con- 
tinued to the end. The nozzle is forced into the hole prepared for it in 
the casing and it may be withdrawn by a special tool which screws on 
to the reduced part A after the nut and guide G for the spindle S has 
been removed. 

The conical end Y of the spindle S enters the rounded entrance to 
the nozzle when the spindle is advanced by turning the hand wheel H 
and the steam is shut off from the nozzle. 

When there are several nozzles, one or more of them may be put 
out of action by means of the shut-off valves when the turbine is 
required to work at reduced loads. Governing is by throttle 
valve, but when the pressure is much reduced below that for 
which the nozzle and buckets were designed the clliciency is of course 
reduced, 

800. Compound Impulse Turbines. — In the simple impulse turbine 
the steam is expanded to the full extent in one or more nozzles and 
the kinetic energy of the steam issuing from the nozzles is applied to 
drive a single ring of buckets on a wheel. It has been seen that this 
requires a very high bucket speed and in consequence a very high 
wheel speed which for many applications of the steam turbine is a 
disadvantage. The very high bucket speed of the simple impulse 
turbine also involves difficulties in construction. 
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There are three ways in which the wheel speed of an impulse 
turbine may be reduced. 

(1). Velocity compounding . — The steam is expanded to the full 
extent in one set of nozzles, that is the full pressure drop takes place 
in these nozzles, and then passes through a ring of buckets, but^ it 
leaves these buckets with a still very high absolute velocity. The 
steam is then directed by means of a number of stationary buckets or 
guide vanes on to a second ring of moving buckets attached either to 
the same wheel as the first set or to a separate wheel mounted on the 
same shaft. The steam suffers a further reduction of absolute velocity 
in passing through the second set of moving buckets and may then 



Fig. 521. Fig. 522. 


be directed by a second set of fixed buckets on to a third ring of 
moving buckets. The number of velocity stages, which is the same as 
the number of rings of moving buckets, is most usually two or three. 

(2). Pressure compounding .— -The pressure drop takes place in stages 
in separate sets of nozzles. After expanding in the first set of nozzles 
the steam passes through a ring of buckets carried by a wheel. After 
passing through these buckets the steam is further expanded in a 
second set of nozzles and then passes through a second ring of buckets 
on a second wheel mounted on the same shaft as the first wheel and 
so on until the full pressure drop is effected. The number of pressure 
stages is the same as the number of sets of nozzles. 
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(3). Pressure-velocity compounding . — This is combination of (1) and 
(2). In one or more of the pressure stages there are two or more 
velocity stages. 

301. — Velocity-Compounded Impulse Turbines. — The arrangement 
of the nozzles and buckets of a velocity-compounded impulse turbine 
is shown in Fig. 521. There are three velocity stages in this examplo. 
M 1} M 2 , and M 3 are the rings of moving buckets carried by a wheel, 
while F a and F 2 are the sets of fixed buckets attached to the casing 
round the wheel. The nozzles shown are in one casting. 

If there are n velocity stages the bucket speed need only be about 
1-ntli of the speed for a simple turbine with the same initial steam 
speed and the same nozzle inclination. 

The velocity diagrams for the different stages of tlio turbine illus- 
trated by Fig. 521 are shown in Fig. 522, frictional losses being 
neglected. Steam leaves the nozzles at the inclination a L with a 
voloeity V x represented by AB. CB is the bucket speed S and AC 
the relative velocity lij of the steam as it enters the first ring of 
moving buckets. Cfi = lt 2 is the relative velocity and .1)E = V 2 is 
the absolute velocity of the steam as it leaves the first ring of moving 
buckets, DC being equal to S. 9 1 is the bucket angle at entrance and 
$2 is the bucket angle at exit for the first ring of moving buckets. In 
Fig. 522, 0 2 = 0 A . 

The direction of DE fixes the bucket angle /3 2 at entrance for the 
first set of fixed buckets. In the triangle EFG, EF = V 3 = V 2 , 
friction being neglected, and GF = S ; a 3 is the exit angle of the first 
set of fixed buckets and 0 3 is the bucket angle at entrance for the 
second ring of moving buckets ; one of these two angles is chosen 
arbitrarily and the triangle may then be drawn. In Fig. 522, « 3 = u A . 
Proceeding in the same way, the velocity diagram for the whole turbine 
is completed and LM = V 6 the absolute velocity of the steam as it 
leaves the third ring of moving buckets is obtained. In Fig. 522, 
ag = u 3 , also 0. 4 = and 0 6 = 0 5 . 

The contracted diagram corresponding to the extended velocity 
diagram in Fig. 522 is shown in Fig. 523. 



To allow for the effect of friction in the buckets, both fixed and 
moving, the relative velocity at exit must be reduced as in the case of 
the simple turbine, the velocity at exit being equal to the velocity at 
entrance multiplied by the friction factor &. 

The driving effort on the moving buckets for the whole turbine 
is the sum of the driving efforts on the separate rings of moving 
buckets. 
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For a turbine with three velocity stages, the driving effort, the 
work done, and the axial thrust per lb. of steam per second are — 

Driving effort = -f + w 3 ). 

Work done = -^(w l + tv 2 + w 3 ). 


Axial thrust = -{(uj — m 2 )'+ (tf.3 — m 4 ) + (u 5 — m 6 )}. 


A numerical example for which tho student should draw both the 
extended and contracted velocity diagrams will now be given. There 
arc two velocity stages. The axes of the nozzles are inclined at 20° to 
the plane of the wheel. The velocity V x of the steam as it leaves the 
nozzles is *2500 feet per second. The bucket speed is 500 feet per 
second. The friction factor k is to be taken as 0*8. The exit angle 0 2 
for the first ring of moving buckets is 22°, and the exit ‘angle 6 4 for 
the second ring of moving buckets is 28° Tho exit angle a 3 for the 
fixed buckets is 20°. 

A scale of 1 inch to 250 feet per second is suggested for tho velocity 
diagrams. The contracted velocity diagram is shown in Fig. 524. 



The various angles and velocities found should be taken direct 
from the velocity diagrams and compared with the following results 
found by calculation. 'Hie velocities are in feet per second, and the 
notation of Figs. 522 and 528 is used. 

0 X = 24° 48'. R t = 2038. R, = 0*8R a = 1630. 

ft* = 31° 10'. V 2 = 1181. V 3 = 0*8 Vo = 945. 

03 = 39° 47'. R 3 = 505. R 4 = 0*8R 3 = 404. 

j3 4 = 127° 57'. V 4 = 238. 

u x = 855. u 2 = 612. u 3 = 323. w 4 = 190. 

tf?x = 3361. w 2 — 745. 

The following calculations may now be made, all per lb. of steam per 
second : — 


Axial thrust = {(/^ — u 2 ) + (w 3 — w 4 )} = ll*7 lb. 
9 


Driving effort on first ring of moving buckets = = 104-4 lb. 

„ „ second „ „ „ = — = 23*1 lb. 

9 

Total driving effort = 104*4 + 23*1 = 127*5 lb. 
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Work done on first ring of moving ) = 1Q4 . 4 500 = r )2 200 ft .. lb . 

buckets ) 

„ „ second ditto, ditto = 23*1 x 500 — 1 1,550 ft.-lb. 

Total work dono on wheel = 52,200 4- 11,550 = 63,750 ft.-lb. 

The total work done on the wheel is also equal to 

V,2 - (IV - R 2 2 ) - v 2 2 v 3 2 - (R 3 2 - IV) _ v 4 2 

.1 


Kinetic energy in steam leaving nozzles = — 1 = 97,050 ft.-lb. 


Wheel efficiency = = 0*657 or 65*7 per cent. 

It will be seen that nearly 82 per cent, of all tho work done on 
the wheel is dono on the first ring of moving buckets. 

302. Height Ratio in Velocity-Compounded Impulse Turbines. — 
Since there is no expansion of the steam as it passes through the 
velocity-compounded part of an impulse turbine, the volume of 
steam passing through eacli set of buckets is the same. lienee if 
the velocity of flow in the axial direction diminishes, which it 
usually does, the area through the buckets in planes normal to the 
axis should increase as 
the distance from the 
nozzle increases. 

Fig. 525 shows a lorn 
gitudinal section of the 
buckets of a velocity- 
compounded part of an 
impulse turbine, the 
plane of section contain- 
ing the axis of the wheel. 

There are three velocity 
stages in this example. 
ft i is the height of the 
opening of the nozzle at 
edit, and /* 2 , h$ 9 etc,, arc 
the heights of the suc- 
cessive sets of buckets at 
exit. If wq, w 2 , etc., 
are the axial velocities of the steam at the exits of the nozzle and 



successive sets of buckets respectively, then -- * 


= - *, etc., and 


for the last ring of buckets 


*6 

h 


dl , which is called the height ratio for 
«6 


the velocity-compounded part or stage.. 

It is frequently assumed that the relation between the height of 
the buckets at exit and the distance of the bucket exit from the nozzle 


exit is a linear one ; in that case the ends of the radial openings at 
exit lie on straight lines ; this is not quite the case in Fig. 525, as 
shown by the dotted lines. 

In Fig. 525 the radial openings are parallel hut they are more 
frequently divergent as shown in Fig. 526. 
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If in a longitudinal section of the buckets the extremities of the 
openings at exit lie on straight lines, as in Fig. 526, and if the axial 
widths of the buckets are the 
same, then the heights h lt h 2 , 

etc., will increase by equal steps | 

and the axial velocities w 2 , fj\ SiiBi ^ ^ 

etc., will decrease by equal steps. i i 3 

The roots of the moving ini^^ 

buckets in Fig. 525 are let into 
parallel grooves turned on the w 

wheel. The sides of these * ia * 

grooves have. V-shaped grooves cut in them to receive teeth formed on 
opposite sides of the roots of the buckets. The fixed buckets are 
attached in the same way to a ring carried by tho wheel casing. This 
is the design of Mr. Franco Tosi. 

303. Pressure-Compounded Impulse Turbines. — The* development 
of the pressure-compounded impulse turbine has been mainly duo to 
the work of Professor bateau, whose designs have been largely adopted. 
The designs of other inventors in this field generally follow more or 
less closely those of Professor liateau, the differences being mainly in 
the details. The Zoelly design is well known, and while differing from 

the bateau in points of 

detail has generally fewer 
stages. The bateau tur- 
bine has sometimes as 
many as thirty stages 
while the Zoclly has sel- 
dom more than sixteen. 

Tho first two stages 
and the last stage of an 
eight-stage Zoclly tur- 
bine are shown in Fig. 

527. The space between 
the shaft 8 and the 
cylindrical casing O is 
divided into compart- 
ments by fixed cast iron 
diaphragms J). The 
forged steel wheels W, 
attached to the shaft S 

and separated at the 

hubs by distance rings W (m K/lrgl 

T, rotate in these com- _ 

partments. The steam 1 1<r * 8 

nozzles N are formed in the diaphragms except the first set at the high- 
pressure end which are formed in the cast iron ring rf. The nozzles are 
really annular openings subdivided by pieces of sheet nickel steel bent 
to the proper shape and embedded in the castings. The first set of 
nozzles extend round part of the circumference only but the other sets 
extend round the whole circumference. The buckets B are made of sheet 
nickel steel bent to shape. These will be further described presently. 


TO 

Fig. 527. 


424 


HEAT ENGINES 


Steam is supplied to the annular steam chest A from which it 
passes through the first set of nozzles into the first wheel chamber. 
The first chamber exhausts through the second set of nozzles into the 
second chamber and so on to the exhaust chamber E. 

The shaft S enters and leaves the turbine casing through glands 
having packing rings P. The turbine casing and the diaphragms are 
in halves, the latter being secured to the former by tap bolts. The 
two halves of the casing are flanged and bolted together. When the 
upper half of the casing is lifted off it takes with it the upper halves of 
the diaphragms and exposes the wheels with their buckets for 
^inspection. 

To reduce leakage of steam at the bore of the diaphragms some 
form of labyrinth packing is used, or there is simply a number of 
grooves formed in the bore. 

It is important to remember that there is no expansion of the 
steam except in flic nozzles and that tho pressure on both sides of a 
wheel is the same. To ensure this the wheel disc has generally a 
number of fairly large holes in it so that there is free communication 



between one side of tho wheel and the other for the passage of the 
steam. Also, the buckets being clear of the casing there is free 
communication over their outer ends or over the sliroud ring. The 
motion of the steam from one set of nozzles through tho buckets to the 
next set of nozzles is of course due to the kinetic energy in tho steam. 

The buckets of the Zoelly turbine are further shown in Fig. 528. 
The buckets or blades B are made of sheet nickel steel, as lias already 
been stated. The correct spacing of the buckets is ensured by 
distance pieces D. A shroud ring R, in segments, is riveted to the 
outer ends of the buckets, the rivets being projections on the buckets. 
The buckets and distanco pieces fit in a T-slot in the rim of the 
heel W. 

Another form of bucket is shown in Fig. 520. This is fitted to the 
wheel in the same way as the Zoelly bucket but the bucket and 
distance piece arc in one, the whole being machined from tho solid bar. 
In place of a shroud ring each bucket has a flange on the back at the 
outer end, as in the de Laval buckets illustrated in Fig. 519, p. 417. 
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The Rateau design of bucket is shown in Fig. 530. These buckets 
straddle the rim of the wheel to which they are riveted. The buckets 
are made of nickel steel and are machined out of the solid bar. A 
shroud ring, in segments, is riveted on as shown. 

304. Theory of Pressure-Compounded Turbines. -The behaviour 
of the steam as it passes through the successive stages of a pressure- 
compounded turbine is best studied by reference to the Mollier diagram 
or total heat-entropy chart. A definite example will be taken^ Tfc 
will be assumed that steam having 
an initial absolute pressure of 
180 lb. per square inch and supor- 
heated 100° C. (180° F.) is used. 

This steam is supplied to a pres- 
sure-compounded impulse turbine 
in which there are eight stages and 
therefore eight wheels. The pres- 
sures in the successive chambers 
will be assumed to be 110, 60, 30, 

16, 8, 4, 2, and 1 lb. per . square 
inch absolute, the last pressure 
being that in the oxhaust chamber 
E, Fig. 527. 

A portion of a Mollier diagram 
is represented in Fig. 531, but, for 
the sake of clearness, only those 
lines of the diagram are shown 
which are necessary for the 
example. 

The condition of the steam as 
it enters the tirst set of nozzles is 
represented by the point I). The 
steam expands adiabatically in the 
lirst set of nozzles to a pressure 
of 110 lb. per square inch which 
becomes the pressure in the first 
wheel chamber. This expansion is 
represented by the vertical line 
DE X , a lino of constant entropy, 
lying between the constant pres- 
sure linos 180 and 110. Owing to 
the friction of the steam in the 
nozzles and buckets, and also the 
friction of the revolving wheel against the steam surrounding it, there 
is a loss of kinetic energy, apart from that clue to the useful work done 
on the buckets, but this friction loss is converted into heat which is 
returned to the steam. The friction loss in the first stage of the turbine, 
measured in heat units is represented by E 1 G 1 , and the total heat in 
the steam as it enters the second set of nozzles is shown by the level 
of the point G x . But the pressure being 110 the condition of the 
steam is now represented by the point F x whore the horizontal line 
through Oi cuts the constant pressure line 110. 
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It will be assumed that the friction loss E^! is 0*3 of DE*, which 
means that the efficiency of the first stage is 07, and this will be 
assumed to be the efficiency of each of the other .stages. 

In the first stage DE X is the theoretical heat drop neglecting 
friction and DG A is the net heat drop for that stage. 

In the second stage tho theoretical heat drop is EiE 2 and ^^2 is 
the net hoat drop for that stage. And so on until the last stage is 
reached in which the theoretical hoat drop is F 7 E 8 and the net heat 
drop is F 7 G 8 . The final condition of the steam as it. leaves the buckets 
of the last -wheel is represented by the point F. 

Had the steam been expanded from the initial pressure of 180 to 
the final pressure of 1 lb. per square inch, without loss, the heat drop 
would have been T)E, which is obviously less than the sum of the 
theoretical heat drops in the different stages. Denoting DE by Q and 
the sum of the successive theoretical heat drops by q , the ratio of q to 
Q is called the reheat factor for the turbine and expresses the effect of 
the reheating of the steam due to friction in the different stages. The 
reheat factor will be denoted by R. 

The efficiency of all the stages combined is DG/DE = e* and is 
called the internal efficiency of the turbine. Assuming that each stage 
has the same efficiency c s , called the stage efficiency , then since the net 
heat drop in any stage is equal to the theoretical heat drop multiplied 
by e Si and since DG is the sum of the not heat drops, DG = qc s . Rut 


q = RQ, therefore c* = 


r* 

Q 


= Re,, which shows that the efficiency of 


the combined stages is greater than the efficiency of a single stage, 
since R is greater than f l . This is a special feature of the pressure- 
compounded turbine due to the fact that the loss due to friction in one 
stage is partly recovered in the next. There is no such recovery in 
the velocity-compounded turbine. 

Returning to the numerical example : careful measurements give 
the following results: DG = 151 C.U.U., DE = 204 C.JT.U., there- 
fore = lgl = 0*740. q = 215 C.H.D., therefore R = = 1 054. 

But since e 9 = 0*7 and a = Re„, therefore e,- = T054 x 0*7 = 0*738, 
which is in fairly close agreement with <?»• == 0*740 obtained above. 

The curve joining the points D, F 1? F 2 , • - • E (Fig. 531) is called 
the condition curve for the turbine and is the locus of the points which 
represent the condition of the steam at the loginning and end of each 
stage. The condition curve is very flat, especially in tho wet steam 
field where it is practically a straight line. It will be found that the 
condition curve for not less than six stages is practically the same as 
that constructed for any larger number of stages. 

Having obtained the condition curve, using, say, eight stages, the 
pressures may he re-arranged to give, say, the same heat drop in 
each stage which is a common practice, and the same condition 
curve may he used to find suitable pressures for a larger number of 
stages. 

The student will find it an instructive exercise to take the data of 
the foregoing example and draw the corresponding figure on a 
temperature-entropy chart. A study of the figure on the temperature- 
entropy chart will help greatly the understanding of the bobaviour of 
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the steam in the pressure-compounded turbine, but for practical 
purposes the total heat-ontropy chart should be used. 

805. Pressure Compounding and Velocity Compounding Com- 
bined. The primary object in compounding impulse turbines is to 
reduce the bucket speed S. For a given beat drop U and a »iven 
reduction of bucket speed this can be done in fewer stages by velocity 
compounding than by pressure compounding. For example, let the 
heat drop in a pressure stage be 30 O.H.U. The velocity of the steam 
issuing from the nozzles is V = 300^30 = 1643 feet per second 
Taking the bucket speed at one-third of V, S = 548. Now if into 
this pressure stage two velocity stages ho introduced, 8 may then be 
halved, or b = 2<4. If two pressure stages ho introduced, each with 
the same heat drop, then V = 300^/15 = 1162. Taking the bucket 
speed at one-third of this, S = 387. It would require four pressure 
stages to take the place of two velocity stages, neglecting the reheat 
factor. A comparison of the mechanism of two velocity stages and 
four pressure stages will show that the former is much simpler than 
the latter. It must he remembered howe\er that pressure compound- 
iug is more efficient than „ 
velocity compounding on 
account of the reheating 
effect as was shown in the 
preceding Art. 

A common type of 
pressure-compounded im- 
pulse turbine has the lirst 
p ressu re stage veloci ty- 

compounded as shown in ™ 

-ir Flo. 532. 

tig. o32. Here there are 



two velocity stages in the lirst pressure stage, but there is no velocity 
compounding in any of the other pressure stages. 

The Curtis is a well known type of pressure-compounded turbine in 
which all the pressure stages are velocity-compounded. An example 
of a Curtis turbine as used for ship propulsion is illustrated and 
described in the next Art. 


306. Curtis Marine Turbine.- For the following particulars of an 
example of the Curtis marine turbine the author is mainly indebted to 
a translation from the Italian of a paper by Commr.-Ingr. Vittorio 
Mallfatti, published in Engineer trig, Jan. 31, 1913. 

The turbine to be described is part of the power equipment of the 
Italian scouts Marsala and Nino Birio. Each ship has three Curtis 
turbines, each driving a propeller. Each turbine casing has within it 
an ahead turbine having sixteen pressure stages and an astern turbine 
having two pressure stages. 

Seven of the pressure stages of the ahead turbine are shown in 
Fig. 533. The first pressure stage has four rings of moving blades, 
and therefore four velocity stages ; then follow live pressure stages 
each with three rings of moving blades, and the remaining ten have 
each two rings of moving blades. The total number of rings of 
moving blades is therefore 39. 

The moving blades of the first five pressure stages are mounted 
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on five separate wheels while those of the remaining eleven pressure 
stages are fitted to a drum. 

The easing C is of cast iron, divided longitudinally into a lower 
and an upper half, each in three parts which are connected by flanged 
joints, one of which is seen at F. The lower and upper halves of the 
ends (the upper half of the forward end is seen at II) are cast in one 
piece with the adjacent part of the main casing. The lower halves of 
the ends are bolted to the supports for the bearings of the turbine 
shaft. At the forward end there is a thrust bearing with four collars. 



Fia. 533. — Curtis marine turbine. 


The centre part of the drum is a steel casting having arms A. The 
rim M is of forged steel in four rings riveted together through internal 
flanges ; one of these flanged joints is seen at J, The rim of the drum 
is held to the arms by end plates L riveted on to the arms and rim. 
The plate at the forward end entirely closes that end of the drum 
while the other plate has large openings in it. 

The object of having a drum instead of wheels for the later stages 
is that the forward end of the drum being exposed to the pressure in 
the sixth stage while the aft end is under the pressure in the condenser 
there is a thrust on the shaft which opposes the thrust of the propeller. 
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The diaphragms D in the wheel stages are made of sheet steel, 
dished, and fitted as shown. At the shaft these diaphragms are 
connected to soft metal bushes B having internal grooves shown 
more clearly in detail at ( ft ). The diaphragms d in the drum stages 
have similar internal grooves next to the rim of the drum as shown 
more clearly . at (a). These grooves shown at (a) and (ft) serve to 
diminish the leakage of steam, and should the diaphragms accidentally 
touch the drum or shaft the narrow projections present so small a 
surface of rubbing contact that all that happens is a slight amount 
of wear. 

Tho steam inlet is at S. For the first stage there are 20 convergent- 
divergent nozzles N each provided with an independent shut-off valve 
V. The nozzles n in all the drum stages except the first are formed in 
the diaphragms d. 

The wheels and drum are keyed to the Rhaft and are kept in 
position axially by the collar K, the ring R, and distance sleeves a 
which pass through tho bushes of the diaphragms D. 

• The shaft, which is a steel forging bored from end to end for light- 
ness, passes through glands in the ends 
of the casing. One of these glands is 
shown at 0 ; they are packed with 
carbon rings P made in segments and 
are pressed radially and axially by plate 
springs. 

Inspection doors 0 give access to 
the wheel chambers without having to 
raise the upper half of the casing. 

In the same casing as the main tur- 
bine there is a reversing turbine (not 
shown in Pig. 538) which exhausts into 
the same exhaust chamber E. This 
turbine has two pressure stages, tho 
first having five and the second four 
velocity stages. 4 

Detailed illustrations of the blading ^ 
are given in Figs. 534 and 535. The 
blades 1 are of extruded bronze riveted mWmmm 
to a steel foundation ring 2 which is Fig. 534. Fia. 535. 
in segments. These foundation seg- 
ments are machined from solid straight bars. They have transverse 
saw-cuts 3 which enable them to be readily bent to tho required 
curvature. The foundation segments are mounted in grooves in the 
wheel, drum, or diaphragm, and held in position by caulking the 
adjacent metal into the grooves 4. The shroud ring 5 is riveted on 
to the outer ends of the blades as shown. 

At normal full power one of these turbines develops 7500 shaft 
horse-power at 450 revolutions per minute, and at that speed the mean 
blade speed is about 160 feet per second. 

The particulars given in the table on page 430 are of interest. 
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Four out of the 20 nozzles N (Fig. 533) arc reserved for use a 
cruising speed and are designed to expand the steam to about atinc 
spheric pressure. The remaining 16 nozzles, which expand the stern 
to 91 lb. per square inch absolute, have a combined throat area c 
10 square inches. Of these 16 ordinary nozzles, 12 arc sufficient fo 
the normal full power, the other 4 being reserved for overload. 

The blades in the first ring of stage 1 and all the blades in stage 
14, 15, and 16 have an axial width of 1 inch. All the other blades 
have an axial width of 0*74N inch. 


Exercises XX ( b ). 

1. The bucket speed of a simple impulse turbine is 1300 feet per second. The 
axis o£ the nozzle is inclined 20° to tho plane of the wheel and tho steam leaves 
the nozzle with a velocity of 3500 feet per second. Find tho bucket angle at 
entrance if there is rio shock. If tho exit bucket angle is tho samo as the inlet 
angle find the absolute velocity of the steam as it leaves the buckets and tho 
bucket efficiency, (a) neglecting friction, (6) when the friction factor is 0*75. 

2* Dry saturated steam is supplied to tho nozzles of a simple impulse turbine 
at a pressure of 200 lb, per square inch and is expanded to a pressure of 1 lb. per 
square inch. If the- steam used per minute is 85 lb. and tho shaft horse-power 
is equivalent to 54 por cent, oi the available heat drop, find the S.II.l*. and tho 
steam consumption per S.II.P. per hour. ^ 

3. A do Ijaval steam turbine is provided with a nozzle placed at an anglo of 
20° to the plane ot the wheel. Steam is supplied to it at an absolute pressure of 
250 Vb. per square in oh, and the total heat drop is 205 B.Th.U. (163*9 C.H.U.). 
II 10 per cent, of this energy is lost in friction what is the ^locity of the steam 
at discharge ? The initial velocity of the steam is negligible. If the peripheral 



STEAM TURMNES 


431 


wheel velocity is 1250 foet per second, what must he the angle of the vanes at 
inlot if there is to bo no shock ? Tf the relative velocity at exit is 80 per cent, of 
the velocity at entrance and the angle of vanes at outlet is the same as at inlet, 
what will ho the absolute velocity of the steam as it leaves the wheel, and wliat 
will he its direction relatively to the plane of the wheel ? f U.L. j 

4. The inlet angle of the buckets of a simple impulse turbine is 30°. If "the 
friction factor for the buckets is 0*75, find the outlet angle of the buckets in 
order that there may bo no axial thrust on the wheel, assuming that there is no 
shock at entrance. 


5. The axis of the nozzle of a simple impulse turbine is inclined at 20° to the 
plane of the wheel and the velocity of the steam as it leaves ihe nozzle is 8400 feet 
per second. If the inlot and outlet angles of the buckets are 30 J , and the steam 
enters the buckets without shock, find the axial thrust on the wheel per lb. of 
steam per second if the friction factor for the buckets is 0*75. 

6- The radius of the wheel of a do Laval turbine, measured t.o the middle of 
the huckots-, is 15 inches. The speed of the win el is 0930 revolutions per minute. 
The bucket angles at inlet and outlet arc 86°. The axes of the nozzles are inclined 
at 20° to the plane of the wheel. Neglecting losses, the velocity of the steam on 
leaving the nozzles is computed to be 3850 feet per second. The Steam consump- 
tion is 4500 lb. per hour. 

Taking the loss of energy in the nozzles as 15 per cent, of the available energy, 
«nd the friction factor for the buckets as 0*75, determine: — (1) The actual velocity 
of the steam as it leaves the nozzles. (2) The mean speed of the buckets in feet 
per second. (3) The tangential effort on the wheel at the mean radius of the 
buckets. (4) The axial thrust on the wheel. (5) The indicated horse-power, that 
is, the horse-power available after deducting the friction losses in the nozzles and 
buckets and the kinetic energy in the steam leaving the wheel. (0) The brake 
horse-power, assuming a mechanical efficiency of 00 per cent. |7) The steam 
consumption per 15.1I.P. per hour. 


7- .Referring to Art. 208, p. 415 ; Assuming that the eliioieney is given bv the 
Y 2 It 2n „ £2) .. ,2 — V. 2 

expression- 1 1 1 .. * show that this may be put in the form 

' i 


2m {cos a k cos 9 cos (0 -«)| — 2m 2 (l r A cos 2 0) and that the maximum 


•v • ■ {cos a -j A* cos 9 cos (9 - a )[ 2 . a n 

elhcioney is \ , - ' - * 1 , where 9 =*9 X - 9 2 . 

2(1 -f A: cos 2 0) 


Also show that if r* is neglected the above expressions become 


sin 2 (0 - a) 4- 2m(l -f lc) cos 9 cos (9 - a) - ?u 2 { l -f {1 + 2A) cos* 0} 


and sin *(0 — a ) -f 


{(1 4* &) cos 9 cos (9 — «) } 2 
1 f (T+ 2 A) cos* 0 


8. Draw tho extended and contracted velocity diagrams for a velocity com- 
pounded impulse turbine in which there are three velocity stages, having - given 
the following da f a.— Using the notation in Figs. 522 and 523, V, = 2800 


ft. per sec., S = 4(H) ft. per sec., a, ~ 20°, 0, — 0 2 , 0* = 0 4 , 0 5 = 0 6 , a 3 ==» 0 2 . 
d 5 = 0 A . Assume that there is no shock at the entrances to the buckets and that 


there is no friction. Measure and state the values of all the bucket angles. Also 


compute, per lb. of steam per second, [a) the mean tangential effort on the wheel, 
(6) the axial thrust on the wheel, (c) the work done on the wheel, and (tf) the 
diagram efficiency. 

9. A velocity-compounded impulse wheel for a steam turbine has two rings of 
moving blades, and a set of fixed blades between them. Tho nozzle is inclined at 


20' to tho plane of the wheel. The exit angles of the blades are : 1st. moving, 22° ; 
fixed, 25° ; 2nd. moving, 30°. The exit height of the last blade is three times the 


-xit height of the nozzle. Tho mean blade speed, which is 400 ft. per sec., is 21 


per cent, of tho steam velocity at exit from the nozzle. 

Draw tho combined velocity diagram, aud find the inlet blade angles. Calculate 
tlio proportion of the heat drop converted to work on tho shaft, if tlioro is 2 per 
cent, disc friction’Toss, and the nozzle efficiency is 92 per cent. [U.Tj.] 

10. Referring to the preceding exercise, determine the value of the friction 
factor k, (a) for the first ring of moving buckets, (0) for the fixed buckets, and, 
(c) for the second ring of moving buckets. 

11. In a stage of a compound impulse steam turbine (Bateau type) the steam 
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is discharged from nozzles at 18° to the plane of the wheel. The mean diameter 
of the blade ring is 1 ft. 8 in., and the speed of rotation 800 revs, per min. The 
mean velocity of the blade ring is 85 per cent, of the steam velocity at exit from 
the nozzles. If the relative velocity at exit is 75 per cent, of that at entrance, 
and the absolute velocity at exit from the blades 200 ft. per see., find (a) the blade 
angles at entrance and exit, (b) the work done on the blades per lb. of steam, 
(c) the diagram or blade efficiency, for the stage. 

12 . Referring to the example illustrated by Fig. 631, p. 425, and using the 
steam tables in the appendix, calculate the dryness fraction and the total heat 
for the point E, and also the heat drop DE. 

13 . Superheated steam is expanded in a turbine from a pressure of 180 lb. 

per sq. in. ab. to 1 lb. per sq. in. ab. Its initial temperature is 447° F. (280*6° C*). 
At a pressure of 85 lb. per sq. in. ab. it is just dry and saturated, and at 1 lb. per 
sq. in. ab. it is 10 per cent. wet. Sketch the tomperature-ontropy diagram showing 
the condition curve (which may be assumed straight in both superheated and 
saturation fields) and determine, (a) the total heat drop with isentropie expansion, 
(b) the actual total heat drop, (c) the percentage increase in volume of the steam 
at the exhaust pressure due to the reheating effect. The specific heat* of the 
superheated steam is 0*556. f U.L.] 

14 . At a certain stage of a pressure-compounded steam turbine the steam 

enters the nozzle passages with a velocity of 270 feet per second. The heat drop 
in the nozzles is 17*25 B.Th.U. (0*583 C.H.U.). There is a loss of 12 per cent, of* 
the total available energy in the nozzles, which are inclined at 20° to the piano 
erf the wheel. The mean peripheral velocity of the wheel is 320 feet per second. 
Assuming that the relative exit velocity of the Nteam from the blades is 80 per 
cent, of tho relative entrance velocity and that the blades are symmetrical, 
determine the internal or hydraulic efficiency — that is, the ratio of the work done 
on the blades to th^ heat drop in the stage. |_U.L.]. 

15* A Curtis turbine having two pressure stages is supplied with dry saturated 
stean) at an absolute pressure of 180 lb. per sq. in. The steam is expanded in the 
first stage to au absolute prossure of 18 lb. per sq. in. and further in tho second 
stage to 1 lb. per sq. in. The st&go efficiency is 0*65. With tho aid of a total 
heat-entropy chart find, (a) the total adiabatic beat drop in the turbine, ( b ) tho 
adiabatic beat drop in the first stage, (c) the adiabatic heat drop in the second 
stage, (d) the internal efficiency of the turbine, and ( e ) tho reheat factor. 

16 . With the same bucket speed, and tho same ratio of bucket speed to steam 
speed in a single velocity stage as in a single pressure stage, show that, to utilize 
the same heat drop, th# number of pressure stages: in a pressure-compounded im- 
pulse turbine is the square of the number c£ 
velocity stages in a velocity-compounded one 
multiplied by the reheat factor. 

307. Pure Reaction Turbine. — There 
is no commercial steam turbine which 
works on the pure reaction principle, 
although, it is a curious fact, that this 
type of turbine was invented over twenty- 
one centuries ago. This ancient pure 
reaction turbine is generally known as 
Hero’s engine. It was described by 
Hero of Alexandria about 200 n.c., but 
he did not claim to be the inventor. 

This engine is shown diagrammatically 
in Pig. 536. Over the .boiler B there 
is a hollow spherical vessel S supported P IG - 

on bearings A and C formed on the 

bent ends of the supports D and E. A is a pivot bearing while C is a 
'hollow neck bearing. Steam from the boiler passes through the hollow 
support E to the interior of S and issues into the atmosphere through 
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the nozzles N arranged as shown. The reaction of the steam against 
the back ends of the nozzles causes S to rotate on its bearings in the 
direction of the arrow It. 

It is not unusual for a student to imagine at first that the reaction 
in a case like the above is due to the steam pushing against the 
atmosphere in the same way that a person propels a punt, but this 
is not at all like what takes place. In the reaction of the steam jet it 
is a question of change of momentum and the backward motion of the 
nozzle is analogous to the recoil of a gun. 

A rare atmosphere is more favourable to the reaction than a dense 
one because then the steam issues with a higher velocity and there is 
a greater change of momentum in the steam, assuming that the boiler 
pressure is tho same. 

In any impulse turbine there is a reaction on the nozzle or on the 
casing containing it, but the nozzle and easing being fixed no motion 
due to the reaction takes place. 

308. Impulse-Reaction Turbines.-yn the impulse turbine all the 
expansion of the steam and all the heat drop take place in the 
stationary nozzles, and during the expansion heat energy in the steam 
is converted into kmc* tic energy, which is turned into work on the 
moving bucket s\in practically the same way that the kinetic energy of 
a golf club drives the ball. (Jn the pure reaction turbine all the 
expansion of the steam and all the heat drop take place in the nozzles 
as in the impulse turbine, but the nozzles not being rigidly held are 
propelled backwards by reason of the reaction of the expanding steam 
on the nozzles, and the work done is again due to the heat drop just as 
in the impulse turbine. In the impulse-reaction turbine there are 
stationary rings of blades which form what are virtually convergent 
nozzles which del iter the steam on to moving blades, and tho steam 
exerts an impulse on these moving blades exactly as in an impulse 
turbine, but the moving blades are ot‘ the same form as the stationary 
blades and like them form what are virtually convergent nozzles, so 
that the steam passing through them sutlers a fall in pressure and a 
heat drop which is converted into kinetic energy just as in the pure 
reaction turbine. The moving blades are therefore driven by the 
impulse or action due to the kinetic energy in the steam coming from 
the stationary blades, and also by the reaction of the expanding steam 
between the moving blades themselves^ 

Turbines of the impulse -reaction typo are nearly always spoken of 
as reaction turbines, but it is well to bear in mind that this is not a 
correct definition. 

Tne prominent position occupied by the reaction turbine is mainly 
due to the inventive genius and indomitable perseverance of the Hon. 
Sir Charles Parsons, and this type of turbine is deservedly known as 
the Pantons turbine . 

The Parsons turbine is now made by many firms of engineers the 
world over and, as would be expected, these engineers have made 
alterations and numerous improvements in regard to details and 
arrangements, but the main features originated by Parsons remain. 

It may be mentioned here with reference to the terms bucket ami 
blade that the former is generally used in connection with impulse 

2 r 
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turbines and the latter in connection with reaction turbines, but there 
is no fixed rule in the use of these terms except that they apply to the 
same turbine element. 

A single ring of blades in a reaction turbine will be called a single 
stage , while a ring of stationary blades together with the corresponding 
ring of moving blades will be called a double stage . 

309. Action of Steam on Blades of Reaction Turbine.— The form 
and arrangement of the blades in two double stages of a reaction 
turbine are shown in Fig. 537, while Fig. 538 shows the velocity 
diagram. The rings of blades are very numerous and the blades are 
generally all alike, except towards the exhaust end, where they get 
flatter finishing with what are called icing blades , which have the form 
shown at (a) in Fig. 538. The flatter blades have a larger discharge 
angle and are placed at a wider pitch. The blades shown in Fig. 537 
are normal blades and have a discharge angle of about 20°. 



Referring to Figs. 537 and 538, the steam leaves the uppor set of 
fixed blades with a velocity V*, enters the adjacent ring of moving 
blades with a relative velocity Rj and leaves with a relative velocity 
Ii 2 and an absolute velocity V 2 . Jn the case of the impulse turbine K 2 
would be Jess than R« on account of friction, but since in a reaction 
turbine there is a fall in pressure in the passages between the blades, R 2 

y 2 \ r 2 

is greater than U x . Neglecting friction -• l - 2 + U, where J is the 

mechanical equivalent of heat and U is the heat drop in a single 

y 2 C V 2 

stage. Allowing for friction and leakage losses - 1 = - * + C 2 XJ 

2#/J 2gJ 

where C x and C 2 are constants. According to Mr. If. M, Martin C x 
is about 05 and C 2 is about 0*9. Mr. Gerald Btoney has stated that 
in Parsons turbines the carry-over (kinetic energy^ from one row to 
another is about compensated for by the correction for friction, leakage, 
etc. This leads to the simple rule, V* 2 = 2gJU or V 1 = 300^U 
where U is in C.H.U. per lb. of steam. 

Bince the fixed and moving blades are identical, the heat drop and 
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the losses may be taken as the same in the former as in the latter. It 
follows that the velocity triangle (1) is identical with the velocity 
triangle (2). Therefore V r 1 = II 2 and V 2 = lt 1# Also ft = $. 

The change in the velocity of whirl is vo = Vj cos a -f- V 2 cos ft 9 
but V 2 cos ft = V x cos a — S, therefore w = 2V X cos a — S. 


, ,, , . wh 2hV t cos a - S2 

The work done in a double stage is - - = 

y o 

2V\2 V|2 

The energy available per double stage is 2J U = - = — 

**1/ i) 

The efficiency of a double stago is therefore ”-^- 1 which 


is a maximum when S = Y 1 cos a and the maximum * efficiency is 
cos- a. Taking a = 20°, the blade speed S for maximum efficiency is 
0*94 \\ and the maximum efficiency is 091- = 0*88 or 88 per cent. 

310. Parsons Reaction Turbine. — The main features of a typical 
reaction turbine of about 5000 kw. capacity are well shown in Fig. 
539. *This illustration has been prepared from a drawing which 
Messrs. C. A. Parsons tfe Co. very kindly made specially for this work. 

After passing through a double-seated throttle valve, not shown, 
which is operated by the governor, also not shown, the steam enters 
the belt S and then passes through the rings of stationary and moving 
blades in succession to the exhaust belt E, from which it is led through 
the exhaust branch and exhaust expansion pipe to the surface con- 
denser beneath the turbine. 

In passing through each ring of blades the steam suffers a drop in 
pressure and an increase in volume, and to allow for this increase in 
volume and to keep the axial velocity of the steam approximately 
uniform the blade ring areas are increased in steps as shown. 

The blado rings between one step and the next form a group or 
expansion; all the blade rings of a group have the same internal and 
the same external radius. The turbine shown in Fig. 539 has 38 
turbine pairs, a pair consisting of one fixed and one moving ring of 
blades, and there would appear to be in all 12 expansions. It would, 
however, be more correct to say that there are 1 4 expansions, because 
in what is marked expansion 12 in Fig. 539 although the blades are 
all of the same height they present increasing effective areas for the 
IMissage of the steam due to the use of semi-wing and wing blades. 

In the case of impulse turbines the steam pressure on the back and 
on the front of a moving ring of blades is the same, and it is easy to 
design the blades so that the axial component of the impulse on the 
blades shall be a negligible quantity. But in reaction turbines there 
is a fall in pressure at each ring of blades aud a decided axial thrust 
when all the moving rings are considered, and this is greatly increased 
by the stepping of the blade rings. To balance, or partly balance, this 
thrust balance pistons or dummies are introduced, these being forged on 
or attached to the rotor. 

In Fi£. 539 D and d are dummies. Leakage of steam past the 
dummies is reduced to a very small amount by means of labyrinth 
packing described aud illustrated in detail in Art. 312, p. 439. Each 
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dummy has an annular face, that of d being much smaller than that 
of 1). * The face of < l is exposed to the high pressure steam in the belt 
S, while the face of 1) is exposed to the pressure of steam brought to it 
by a pipe, not shown, from lietween the third and fourth expan- 
sions. The back of 1) is under the pressure of steam in the space J 
brought there from the .-pace between the sixth and seventh expan- 
sions by a pipe not shown. The end thrust duo to the pressure drop 
over expansions beyond the sixth is carried by the thrust block. 1 

The rotor is a steel forging and the dummies are in one piece 
with it. 

The overload valve is shown on the top of the steam belt S and 
when this valve opens steam from the bell S passes over into the belt 
o, The effect on the power developed is somewhat like that which 
would be produced in a triple-expansion engine if part, of the high- 
pressure steam supply to the high-pressure cylinder, more or less 
throttled, were turned directly into the intermediate cylinder. The 
work done is increased but the economy in steam is slightly reduced. 

The overload valve is ophrated as follows. Attached to the spindle 
of the valve there is a piston P in a cylinder C. The upper face of 
this piston is exposed to steam at the full stop valve pressure while the 
under face is exposed to steam received through the adjustable needle 
valve N and through a passage from the space under the throttle valve 
wheru the pressure is less than that at the stop valve. In the casing 
K. there is a com pi eased helical spring which exerts an upward force 
on the overload valve spindle. At loads not greater than full load the 
resultant upward force due to the spring and the steam pressure 
beneath the piston P is less than that due to the steam pressure above 
the piston. But at a load greater than full load the governor opens 
the throttle valve so wide that the steam pressure beneath the piston 
P increases so much that the overload valve is opened. 

There is forced lubrication to all the bearings. The oil pump and 
the governor are driven by worm gearing. 

A positive thrust bearing is necessary to take the unbalanced axial 
thrust and to keep the rotor in correct position. The thrust bearing 
shown is of the Michell type, which is now rapidly superseding 
multiple-collar thrust hearings. For the Michell thrust block there is 
only one collar on the shaft which bears on blocks, each of which is a 
sector of an annulus and is capable of a slight tilt about a radial ridge 
on its back, 'this slight tilt is taken automatically and induces the 
lubricant to wedge itself, as it were, between the block and the collar. 

Tn ordinary thrust collar bearings the permissible working pressure 
does not exceed 75 lb. per square inch of bearing area, but in the 
Michell bearing it is usually 500 lb. per square inch and may be much 
higher if necessary. Tho friction of the Michell bearing is also much 
less than that of the ordinary collar bearing. 

The coupling between the turbine rotor shaft and the electric 
generator or other driven shaft is a double claw coupling which has a 
certain amount of flexibility and permits of an axial movement of the 
alternator rotor relative to the turbine spindle. 

1 Tn a rooont Parsons marine turbine installation there are no dummies, the 
whole ond thrust in each turbine being taken by a Michell thrust block. 
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The oil baffles shown prevent oil from the bearings creeping along 
the shaft where it is not wauted. 

311. Blading of Reaction Turbines.— The blades of reaction 
turbines are made of brass when saturated steam is used, hut copper 
is bettor for superheated steam, Tho blades are cut from long strips 
which are made of the correct cross-section by being drawn through dies. 

The Parsons system of blading is shown in Fig. 5 10. Tho blades 1 
have indentations 2 stamped on them at the roots. They are also 
thinned to a knife edge at the tips as shown at 3. Thinning the tips 
allows the tip clearance to be reduced. If contact should accidentally 
take place all that happens is a slight wear of the tips or a turning over 
of the knife edges. There is no danger of the blades being stripped off. 

The distance pieces or spacers 4 are made of soft brass. The blades 
and spacers are assembled to form segments of which six or eight make 
a ring of blades. The blades and spacers are threaded on a wire 0 and 
placed in a groove in a jig which has the same curvature as the 
grooves into which they are afterwards to be fixed, but it is slightly 



Fio. 540. Fid. 541. Fig. 54 2 . 

narrower. The parts are driven close together circumferentially and 
the ends of the wire 5 are then riveted over and brazed and then 
trimmed with a file. A stout wire 6 is inserted into slots in tho 
blades near the tips. In the case of the longer blades the wire 6 is 
bound to the blades by thin copper wire. Finally tho wire 6 and the 
binding wire, if any, are silver soldered to the blades. This maintains 
the correct pitch of the blades at the tips and strengthens the 
combination. 

The segments of blades are placed in the grooves of the rotor or 
the casing, and tho spacers are caulked down into tho grooves and into 
the narrow grooves 7 on the sides of the main grooves, and also into the 
indentations 2 on the backs of the blades. 

In the Willans and llobinson design of blading shown in Fig. 541 
a segment is made up of blades B by first attaching the blades to a 
segmental foundation ring A. The tips of the blades are then 
connected by a segment of shroud ring C of the section shown. The 
segments of blading are placed in the grooves of the rotor or the 
casing. These grooves slope inwards on one side and are wide enough 
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to take the foundation ring A and a segmental soft brass caulking 
ring D. 

In the Allis-Chalmers modification of the Willans and Robinson 
design, shown in Fig. 542, the recess for the caulking ring D is of 
uniform width, but there is a narrow groove E on one side as shown. 
In both designs the roots of the blades are stamped and then driven 
into saw cuts in the foundation ring as shown in the section taken 
at XX. 

312 Labyrinth Packing. — Leakage of steam past the dummy 
pistons in reaction turbines is reduced to a very small quantity by the 
use of labyrinth packing which acts on the throttling principle. The 
steam which tends to escape is led through a succession of narrow 
openings which alternate with spaces in which the steam. expands. 

One common type of labyrinth packing is shown in Fig. 543. The 
casing C has a number of grooves cut in it into which are fitted brass 
rings R, which project into wider grooves turned on the dummy piston 
I). Each ring R is hollowed out on one side as shown so as to leave 
a narrow surface to present to the side of the groove on the dummy, 
which it nearly touches. This type of labyrinth packing is known as 
the facial clearance type. 

The radial clearance type of labyrinth packing is shown in Fig. 
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541. The brass rings U in this case are placed alternately on the 
dummy I) and casing C. This type allows of greater relative axial 
expansion or displacement between the dummy and the casing. 

Labyrinth packing is also used in glands on the rotor shaft. 
Fig. 5 to shows a combined facial and radial clearance type of packing 
as used in a gland of a Brush-Parsons turbine where 0 is the casing, 
S the shaft, and R one of the brass rings. 

Where the steam next to a gland is the exhaust steam on its way 
to the condenser there is no tendency for the steam to escape past the 
gland into the atmosphere, but there would be a leakage of air inwards, 
and to prevent this air getting in, the gland is supplied with steam at 
a pressure slightly above that of the atmosphere, which expands 
through the labyrinth packing to the condenser. 

Other designs of labyrinth packing are illustrated on p. 442 in 
connection with the Ljungstrom turbine. 

313. The Ljungstrom Radial Flow Reaction Turbine. — In all tho 
commercial turbines referred to in the preceding pages of this chapter 
the general direction of the motioti of the steam is parallel to the axis 
of tho turbine : hence these prime movers are called axial flow turbines. 
A turbine in whioh the working fluid travels in a radial direction is 
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called a radial flow turbine Radial flow hydraulic turbines have long 
been in successful operation, but it is only since the year 1910 that 
the radial flow steam turbine has become a commercial success. 

The Hon. Sir Charles Parsons experimented with the radial flow 
steam turbine, but he abandoned it in favour of the axial flow type. 
The brothers Ljungstrom, two Swedish engineers, have successfully 
developed a radial flow steam turbine which in many respects is a 
remarkable machine, the details having been worked out with great 
ingenuity and skill. The English makers of this turbine are the 
Brush Electrical Engineering Co., Loughborough. 

In the Ljungstrom turbine there are two discs, facing one another, 
both carrying concentric rings of blades so placed that the rings on 



Fig. 54G.- - -Scheme of the Ljungsbrom turbine. 

one disc interleave with the rings on tho other. These alternate rings 
of blades correspond to the stationary and moving rings of blades of 
an axial flow turbine. In the Ljungstrom turbine of what is called 
tho xingle motion type one disc is stationary and carries tho stationary 
rings of blades while the other, carrying the moving rings of blades, 
rotates. In the double motion type both discs rotate at the same speed 
but in opposite directions. Both types work on the impulse-reaction 
principle and the blades aro similar in form to the Parsons blades. 

The principal features of a double motion Ljungstrom turbine are 
shown, more or less diagrammatically, in Fig. 546. Tho discs A carry 
the rings of blades and arc mounted on the inner ends of short over- 
hung shafts B. Steam from the steam chests passes through holes in 
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the hubs of the discs A and then through the rings of blades to the 
condenser as shown by the arrows. 

The discs A carry discs 0 which face discs 1) connected to the 
steam chests. The adjacent faces of the discs C and D have formed 
on them labyrinth rings which reduce to a small amount the steam 
leakage to tho condenser between the rotating discs and the stationary 
steam chests. Steam leakage into the atmosphere along the shafts is 
minimized by means of the labyrinth packing at E. The shafts B are 
coupled to the shafts of two electric generators placed one on each side 
of the turbine. 

The actual form of the turbine discs A is shown in Fig. 547. 
Each disc is made of steel and is in three parts, 1, 2, and 3, which are 
connected by steel expansion rings 4 and 5. 

These expansion rings have flanges of circular 
cross-section which enter into grooves turned in 
the parts to be connected. The metal at tho 
entrance to the grooves is afterwards closed over 
the flanges of the rings. The object of intro- 
ducing these expansion lings is to reduce the 
internal stresses and prevent distortion ot the 
parts due to differences in temperature. Fig. 

517 also shows the wav in which the labyrinth 
disc C is connected to the turbine disc A : this 
is by two expansion rings 0 and 7 of the type 
just described. Tho ring 7 and one flange of 
ring C are, however, first connected to seating 
rings which are caulked into giooves turned in 
the discs. The stationary labyrinth discs D 
( Fig. 545 ) are connected to the steam chests 
in a similar manner. 

The steam pressure between each rotating 
labyrinth disc and its corresponding stationary 
disc varies from the initial pressure in the 
turbine to the vacuum in the condenser, just, as 
the pressure between the blade discs varies within 
these limits. Advantage is taken of this fact 
and the labyrinth discs are so proportioned that 
the axial pressure of the steam, which between 
the blade discs tends to force them apart, is 
balanced in the labyrinth discs. 

A ring of holes 8 (Fig. 547) form passages 
to allow high pressure steam to be by-passed to 
ail intermediate stage of the blade system in 
order to deal with an overload. 

An enlarged section of a portion of the labyrinth packing oil tho 
discs is shown in Fig. 548. The constrictions aro obtained at the 
edges of thin nickel strips S held in grooves by caulking wire R. One 
of these strips in position is shown to a still larger scale at («). 

An enlarged section of two rings of the shaft labyrinth packing is 
shown in Fig. 549. One of those is a running ring and is keyed to 
tho shaft ; the other is a stationary ring and is keyed to the housing. 
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These rings have deep grooves turned in both sides and the intervening 
metal has its outer ends turned very thin, and those thin ends are 
then rolled over to an anglo 
of 45°. When the rings are 
in position the edges of the 
thin bent parts make contact 
with the neighbouring rings as 
shown. In a very short time 
after starting the thin edges 
wear slightly and a very small 
clearance is formed which has 
no tendency to increase. After 
passing through the numerous 
constrictions in the packing 
the leakage steam is led away 
through a pipe, preferably to 
a feed-water heater where its heat is utilized. 

Enlarged sections of two adjacent blade rings arc shown in 
Fig. 55 0. The blades It are machined from steel bars t.o the correct 
cross -section and cut up in the required blade lengths. By an 
interesting and ingenious process the rings 12 are formed ami the 
blades welded to them. Steel strengthening rings 13 are then added. 
These strengthening rings have rectangular grooves turned in them 
which receive the dovetails of the rings 12. The metal is then cold 
rolled round the dovetails. Thin nickel packing strips 14, bent to 
U-section, are inserted into grooves in the strengthening rings and 
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secured by caulking rings 15. The complete blade ring is attached to 
the expansion ring 1G which in turn is attached to the seating ring 17 
which is held in a groove in the face of the disc A by a caulking ring 18. 

In both types of the Ljungstrom turbine, since the steam enters 
at the centre and expands towards the circumference, the temperature 
of the steam surrounding the turbine is that of the exhaust and no 
lagging of the casing is necessary. In a natural way also, the radial 
flow turbine accommodates itself to the? increasing volume of the steam 
as it flows towards the condenser ; even without increasing the blade 
lengths the discharge area at any blade ring is proportional to its radius. 

The great advantage of the double-motion turbine is that the 
relative velocity of an adjacent pair of blade rings is double what it 
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is in a single motion one or in an axial flow turbine for the same 
absolute blade speed- This means that for the same efficiency the 
axial flow turbine would require four times as many sets of blades as 
the double-motion radial flow turbine. 

A striking feature of the Ljungstrom turbine is its small size for 
the power developed. In one of the earlier 1000 kw. machines 
having a speed of 3000 revolutions per minute the diameter over the 
outer blade ring is only about 28 inches, and the length over the 
flanges of tlie short shafts v/ithin the turbine is only about 21 inches. 
Jn this particular turbine there are 11) pairs of blade rings. 

The blades are generally not more than [ inch wide in rather more 
than the first half of all the blade rings, beyond that they get wider, 
leaching about J inch in the outer blade ring. From these facts and a 
study of the details it will appear that the constructing of a Ljungstrom 
turbine is more like clockmaking than ordinary engine building. 

The great attention which has been given to provide for unequal 
expansion due to difference of temperature within the Ljungstrom 
turbine enables it to use highly superheated steam. 

314. Work done on Blading of Radial Flow Turbine. — .Since the 
blade velocity at exit in a radial flow turbine is not the same as at 
entrance, it is mcessury to consider 
the change in the moment of mo- 
mentum of the steam instead of the 
change in momentum only as lias 
been done in axial flow turbines. 

Considering first a ring of moving 
blades of a single-motion turbine 
and referring to Fig 551, let the 
blades have a path radius r 2 at 
entrance and r 2 at exit. Also, let 
S A and S 2 Ik? the linear velocities 
of the blades at entrance and exit respectively. 

From the velocity diagram at entrance, the velocity of whirl of the 
steam in the direction of fcq is NA = X i cos a, the momentum per lb. 



and the moment of this momentum about the axis of 
it 

, , ,. . nVieosa 

the turbine is 

0 

From the velocity diagram at exit, the velocity of whirl in the 
direction of S 2 is nC = - V 2 cos j8 = - (Ho cos (h - J$ 2 )i Urn momentum 

is — and the moment of this momentum about the 

. , A , . , r 0 (HoCos6b~ So ) 

axis of the turbine is — - - — . 

0 

The change in the moment of momentum of the steam in passing 

over the blade is - (r cos a + r 2 lty cos 0 2 - - r 2 S 2 ), which is the 

torque on the turbine due to tho action of the steam on the ring of 
Hades. 

If u) is tho angular \ elocity of the rotating disc, in radians 
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per second, then S 2 = r. 2 o» and the work done per second on the ring 


of moving blades being considered is, 


to 

0 


faV 2 COS « + r 2 Il 2 cos 0 2 ~ r 2 %>) ; 


this is in foot-pounds if the radii r x and r 2 arc in feet and the 
velocities V x and R 2 are in feet per second. 

If the speed of the rotating disc is N revolutions per minute, 


then, u) = 


2?rN 

GO' 


The case of tlie double-motion turbine is reduced to that of the 
single motion one by supposing that one of the blade discs is stationary 
and that the other has its angular velocity doubled. 

315. Combined Impulse and Reaction Turbines. — A type of steam 
turbine which has become common is that in which a velocity 
compounded turbine, such as the Curtis, is substituted for the high-pres- 
sure part of the reaction or Parsons turbine, and the whole is them called 
a combined or combination turbine . Such a turbine is also called a disc 
and drum turbine because the blades of the impulse part are mounted on 
a disc while the blades of the reaction part are mounted on a drum . 

A certain amount of clearance must bo provided at the tips of the 
blades of a reaction turbine and since there is a difference of pressure on 
the opposite sides of each ring of blades there must be a tlow of steam 
through the clearance spaces, and this leakage of steam means loss of 
work. This loss of work will be greatest at the high-pressure end of 
the turbine because there the blades are shortest and the ratio of the 
clearance space to the space occupied by the blades is greatest. This 
objection does not apply to the velocity compounded impulse turbine 
because the pressure is the same all round the blades and there is 
therefore no inducement to the steam to flow over the tips of the 
blades, even when the clearance is considerable, the flow being directed 
through the blade channels and maintained by reason of the kinetic 
energy of the steam. 

The combined turbine has also the advantage that it is more suit- 
able for superheated steam than the ordinary reaction turbine. In 
the combined turbine the superheat is confined to the steam chest and 
stationary nozzles and does not reach the chamber containing the 
blades, which is therefore not liable to the distortion which follows the 
use of superheated steam in the ordinary reaction turbine. 

The combined turbine has the further advantage that it is 
considerably shorter than the equivalent reaction turbine and the 
rotor is therefore shorter and stiller. The increased stiffness of the 
rotor conduces to the same degree of safety with smaller clearances. 

316. Relative Importance of Vacuum in Turbines and Recipro- 
cating Engines. — The increase in the power of a turbine due to an 
increase in the vacuum is well shown in the temperature-entropy 
diagram. Taking dry saturated steam at an initial pressure of 1801b. 
per square inch absolute and assuming adiabatic expansion to an 
absolute pressure of 2 lb. per square inch (a vacuum of about 
25*9 inches of mercury) the work done in the turbine is represented 
by the area ABCD in Fig. 553 which will be found to be 164’3 C.H.U. 
or 230,020 ft.-lb. per lb. of steam. 

Lowering the condenser pressure to 1 lb. per square inch (a 
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vacuum of about 28 indies), the work done in the turbine will be 
increased by the amount represented by the area DOEF which is 
19*0 C.H.U. or 20,600 ft.-lb. The increase in the power due to this 
lowering of the condenser pressure is therefore 11*6 per cent. 

Lowering the condenser pressure to 0*5 lb. per square inch (a 
vacuum of about 29 inches), the work done in the turbine will be 
greater than it was with a condenser pressure of 2 lb. per square inch 
by the amount represented by the area DCGK which is 36 8 C.H.U. 
or 51,520 ft.-lb, and the increase in the power of the turbine is 
22*4 per cent. 

In a reciprocating condensing engine it is not usual to expand 
the steam in the L.P. cylinder to a lower pressure than 7 lb. per 



Fig. 552 . Fig. 553 . 


square inch absolute. The reasons for this will be given presently. 
Referring to the VV diagram in Fig. 552, AB represents 1 lb. 
of dry saturated steam at an absolute pressure of 180 lb. per 
square inch. The adiabatic expansion of this steam to a pressure 
of 7 lb. per square inch is represented by the curve BL. At the 
end of this expansion the volume of the steam is 44*7 cubic feet. 
From the point L tlio further expansion to a condenser pressure of 
2 lb. per square inch takes place at constant volume and is repre- 
sented by LM. During the whole of the return stroke the pressure 
is 2 lb. per square inch and this part of the cycle is represented by 
Ml). The corresponding temperature-entropy diagram is ABLMD, 
Fig. 553. The area of this temperature-entropy diagram is best deter- 
mined by first finding the area ABLII, using the steam tables; this is 
found to be 126*5 C.ll.U. or 177,100 ft.-lb. The area of the part 
HLMI) is seen from the PV diagram to be 144 x 5 x 44*7 = 32,184 
ft.-lb. or 23 C.H.U. The total area ABLMD is therefore 149*5 
C.H.U. or 209,284 ft.-lb. 

Lowering the condenser pressure to 1 lb. per square inch, the 
work done in the reciprocating engine will be increased by the 
amount represented by the area 1)MNF, which is 6437 ft.-ib. or 
4-6 C.H.U. This is an increase of 3*1 per cent, against the increase 
of 11*6 per cent, in the case of the turbine. 
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Lowering the condenser pressure to 0*5 lb. per square inch, the 
work done in the reciprocating engine will be greater than it was with 
a condenser pressure of 2 lb. per square inch by the amount repre- 
sented by the area DMOK, which is 9655 ft. lb. or 6 9 C.H.U. This 
is an increase of 4*6 per cent, against the increase of 22*4 per cent, in 
the case of the turbine. 

Before tho reciprocating engine could realize the full benefit of the 
higher vacuum it would bo necessary to expand the steam in the 
L.P. cylinder to the condenser pressure before release. With a 
condenser pressure 2 lb. poi; square inch the volume of the steam after 
adiabatic expansion is about 138 cubic feet per lb., and this would be 
the necessary volume of tho L.P. cylinder, per lb. of steam per cycle 
on one side of the piston, in order to expand it to the condenser 
pressure. It will be seen that this volume is rather more than three 
times the volume of the cylinder when release takes place at 7 lb. per 
square inch. 

The turbine must of course also bo increased in size at the low 
pressure end to deal with the larger volumo of steam resulting from 
the higher vacuum, but this enlargement of the turbine is not attended 
with friction losses as large as those introduced into the reciprocating 
engine by the enlarged L.P. cylinder. The enlarged cylinder of the 
reciprocating engine also presents a largely increased surface of metal 
to be alternately heated and cooled by tho steam of varying 
temperature, while in a turbine any particular part is always at the 
same temperature. The uniform pure torque on the turbine shaft is 
also in favour of the turbine. 

317. Exhaust Turbines.— The fact that the low pressure end of a 
steam turbine is much more efficient than the low pressure end of 
a reciprocating engine has led to tho introduction of the exhaust turbine 
which uses the steam from reciprocating engines which are non- con- 
densing. The exhaust turbine is chiefly used where there are a 
number of reciprocating engines which work intermittently, and, of 
necessity, are non-condensing, such as rolling mill and colliery 
engines. The exhaust steam from these engines, which would other- 
wise pass into the atmosphere and be wasted, is expanded in a*i 
exhaust turbine and then condensed. 

In general it is necessary in such a plant to have a regenerative steam 
accumulator or heat accumulator which collects the more or less irregular 
supply of steam from the non-condensing reciprocating engines and 
delivers it to the turbine at the rate required. The regenerative 
steam aceumlator was first introduced by Professor llateau. 

As now used the heat accumulator is a large vessel containing water 
into which the excess steam supply is injected and condensed, this 
being accompanied by a rise in pressure in the accumulator. When 
the supply of steam to the aceumlator is less than that demanded by 
the turbine the pressure falls in the accumulator and part of the water 
in it evaporates. Tho action of the accumulator depends on the 
fluctuation of pressure within it, but this fluctuation is generally less 
thau 2 lb. per square inch, and for a given steam supply is less the 
larger the accumulator. 

318. Back Pressure Turbines. Where steam is required for 
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heating or industrial purposes, other than power, such steam is 
generally of low or comparatively low pressure and may be obtained 
from a low-pressure boiler or through a reducing valve from a 
high-pressure boiler. Where power also is required it is more 
economical to generate high-pressure steam and use it in a turbine 
which instead of exhausting into a condenser exhausts at the pressuve 
required for the steam to be used for heating or other purposes. The 
turbine is then called a bach pressure turbine . 

Since the demand for steam for heating or other purposes is liable 
to be irregular while the supply for power may be more or less 
constant it follows that a back pressure turbine, which has no 
condenser, may in many cases become very wasteful. This has led to 
the introduction of the reducing turbine. 

319. Reducing Turbines. — The reducing turbine , or the bleeder 
turbine as it is sometimes called, is practically an ordinary condensing 
multi-stage turbine in which provision is made for leading away some 
of the steam at an intermediate stage, the steam so taken being used 
for heating or other purposos. 

The two extreme conditions under which this type of turbine may 
work are: (cr) All the steam passing through the high-pressure part 
leaves the turbine for heating or other pm poses and the low-pressure 
part runs idle : (b) no steam is required for heating or other purposes 
and all the steam pstssos through the turbine to the condenser. 

320. Mixed Pressure Turbines. — A mhed pressure turbine may be 
described as ail exhaust turbine with a high-pressure part added, into 
which high-pressure steam may be introduced to supplement the work 
done in the low-pressure part by the exhaust steam from non- 
condensing reciprocating engines. 

The two extreme conditions under which a mixed pressure turbine 
may work are : (a) The amount of exhaust steam available is sufficient 
for the power required of the turbine and no high-pressure steam is 
necessary, and the high-pressure part of the turbine then runs 
idle : ( b ) no exhaust steam is available and the turbine works as an 
ordinary high-pressure condensing turbine. 

321. — Geared Turbines. — To realize the advantages of the steam 
turbine to the fullest extent it must be run at a high bucket or blade 
speed, a speed which is generally limited by the stresses due to the 
centrifugal forces in the revolving discs or drums which carry the 
blades. A high blade speed involves a high shaft, speed because 
the radius of the disc or drum is limited by the stresses already 
mentioned which depend on this radius as well as on the blade 
speed. The result is that the highest possible speed of shaft, although 
not high enough to realize the theoretically most efficient turbine so 
far as speed is concerned, is generally very much higher than the 
suitable or convenient speed of a shaft for dealing with the power 
developed, such as the propeller shaft of a ship. 

Turbine designers have overcome, to a certain extent, the objection 
of high turbine speed by reducing it by the method of compounding, 
which, however, complicates the turbine and makes it larger and 
heavier, and the complication, size, and weight increase as the speed is 
reduced by compounding. 
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The steam consumption lines of a 5000 kw. British Westinghouse 
Bateau turbine under different loads are given in Fig. 556. The 
results are corrected to the guarantee conditions, which were : 
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Pressure, 135 lb. per square inch by gauge. Temperature, 572*5° F. 
Vacuum, 28*5 inches of mercury when the barometer is 30 inches. It 
will be seen that the total consumption line is very approximately a 
Willans line. 


Exercises XX ( c ). 

1. In a reaction turbine the stationary and moving blades have an exit angle 
of 20°. The mean blade speed is 140 feet per second and the relative velocity of 
the steam as it leaves the blades, moving as well as stationary, is 300 feet peL 
second. Neglecting friction and othor losses, and also the small change in the 
volume of the steam, find the heat drop pet lb. of steam in one double stage. 

2. In a Parsons turbine using dry saturated steam you are given the 

following: — Blade angle at exit, 20° with a line transverse to the axis of 
the turbine ; speed of steam as it issues from cither guide or rotor blades, 240 
feet per second ; mean speed of rotor blades, 90 feet per second. Neglecting 
friction and other losses, find (a) inlet angle of acting face of blades, (6) British 
thermal units per pound of steam absorbed per row of blados, assuming the steam 
to act as an inexpansive fluid while passing one row. [U.L.] 

3. The blade discs of a double-motion Ljungstrom turbine each have a spoed of 
8000 revolutions per miuuto. VVliat is the absolute and what is the relative blade 
speed in feet per second at a radius of 10 inches ? 

4. In a group of two pairs of blade rings in n double-motion Ljungstrom 
turbine the radial pitch of the blades is 0*4 inch. The external radius of the 
inner ring of the group is 9 inches. Each rotor lias a speed of 3000 revolutions 
per minute. All the bludos of the group have an exit angle of 20°. Assuming 

C S S 

^ r l or Art. 314 J is 0*7 throughout the group, determine 

the indicated work done on the" group per lb. of steam. 

5. In a geared turbine the gear-wheel has 229 teeth and a pitch line diameter 
of 77*83 inches. The pinion has 23 teeth and runs at 3000 revolutions per 
minute. The useful width of the wheel and pinion is 36 inches. The horse- 
power transmitted is 2200. Calculate : (a) The pitch line speed in feet per 
second ; (b) the pressure on the teeth, or driving force at pitch line, per inch of 
useful width of wheel ; (c) the circumferential pitch of the teeth ; (a) the pitch 
line diameter of the pinion. 
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0. Dry saturated steam at a pressure of 200 lb. per square inch absolute 
expands adiabatically: ( a\ in a turbine to the condenser pressure, which is 2 lb. 
por square inch absolute, (b) in a condensing reciprocating engine to a pressure 
of 8 lb per square inoh absolute at the end of the stroke, the condenser pressure 
being 2 lb. per square inch absolute. Find in both cases the percentage increase 
in indicated work due to lowering the condenser pressure to 1 lb. per square inch. 

7. Find the efficiency of an electric generator driven by a steam turbine, 
having given: Steam consumption per kilowatt hour, 12 2 lb., and steam corn- 
sumption per shaft horse-power hour, 8 0 lb. 

8. A steam turbine driving an electric generator has a steam consumption of 
12 lb. per kilowatt hour. If the efficiency of the generator is 93 per cent, what 
is tho steam consumption per shaft horse-power per hour ? 

9. Tests of a steam turbine driving an electric generator gave a total steam 
consumption of 37,000 lb. per hour when the output of the generator was 2,500 
kilowatts, and 67,000 lb. when the output was 5000 kilowatts (full load). Find 
the equation to the Willans line, and calculate the probable steam consumption, 
in lb. per kilowatt hour, when the output is 4,000 kilowatts. 

10. A lull load Lest of a steam turbine coupled to an electric generator gave a 
steam consumption of 11*9 lb. per kw. hour. The total adiabatic heat drop 
was 230 C.Il.U. (414 B.Th.U.) per lb. Coinputo the overall efficiency of the 
turbino and generator. 

11. A 10,000 kw. set driven by a steam turbine is installed in a power 
stalion. Steam is suppliod at ji pressure of 180 lb. per sq. inch abs. and super- 
heated F50° F. (83*:F (’.). The pressure in the condenser is 15 lb. per sq. inch 
abs. Tho efficiency ratio of the set, i.r. the ratio of the output at the generator 
to the theoretical work available from the steam, is 0*G4. Determine the steam 
consumption in lb. per kw. hour of the set. If the consumption on a trial were 
11 1 lb. per shaft horse-power hour, lind tho efficiency of the geneiator. 

riM-] 

12- Referring to the preceding exercise, determine the efficiency ratio of tho 
turbine. 

13. A steam turbine runs, on test, under conditions of pressure, supei heat, 
and vacuum, not specified in the guniMnt.ee. Show how t lie corrected consump- 
tion and the efficiency ratio max be calculated and apph the method to the 
following case 

Guarantee figuros : Pressure, 175 lb. per sq. in. by gaugo ; superheat, 115° C. ; 
vacuum, 28*5 inches ; barometer, 30 inches of mercury. 

Actual test figuros : Pressure, 1*27 *lb. per sq. in. by gauge ; superheat, 37* C. ; 
vacuum, 28*4 inches ; barometer, 30 inches of mercury. 

Tho consumption was 10 lb. per kw. hour at tho generator. Calculate the 
corrected consumption at guarantee conditions, and the efficiency ratio if the 
generator efficiency is 95 per cent 

Take the following correction figures and use the total heat-entropy chart 
supplied. 1*40 per cent, decrease of consumption per 10 per cent, increase of 
pressure. 14*40 por cent decrease of consumption per 100° 0. increaso of tem- 
perature. 7*00 per cent, decrease of consumptiou per 1 inch increase of vacuum. 

[U.L.j 



CHAPTER XX r 

CONDENSERS AND AIR PUMPS 

323. Object of Condensing Exhaust Steam— In any heat engine 
the amount of work done per lb. of working fluid depends on the range 
of temperature of that fluid in the engine, being greater the greater 
the range. Stated in another way, the work done is greater the 
greater the amount of expansion of the fluid. I n any.heat engino it is a 
more or less simple matter to expand the working fluid to a small 
absolute pressure, but the difficulty is to get rid of the fluid after it has 
expanded to less than atmospheric pressure. In internal combustion 
engines the working fluid cannot be used over again, and it has there- 
fore to be discharged into the atmosphere, and the pressure of the 
atmosphere therefore fixes the lower limit of expansion. When steam 
is the working fluid, however, it may be returned to the boiler and 
used over again and this can be done most conveniently and most 
economically by first condensing it and then pumping the resulting 
water into the boiler. 

It is not the condensation of the steam in a condenser which causes 
the low pressure in it ; the pressure of the steam as it enters the con- 
denser should, for greatest thermodynamic efficiency, be the same as 
that in the condenser, and condensing it need not lower its pressure or 
temperature. But by condensing the steam it may then be more 
economically removed to make way for more steam from the engine. 
The heat taken from the steam in condensing it is generally entirely 
lost. 

The primary object of condensing exhaust steam is therefore to 
make it possible to remove it economically at a pressure less than that 
of the atmosphere after it has done its work in the engine, and there- 
fore to enable the steam to expand to a greater extent and do 
more work. A secondary object is the obtaining of hot feed-water for 
the boiler. 

The amount of heat available for conversion into work, with 
different back pressures and different initial pressures, is given in the 
following table. The amounts of heat given are the heat drops due to 
adiabatic expansions. The specific volumes of the steam at the hack 
pressures are also given. The steam is assumed to be initially dry and 
saturated, but it will of course be wet after expansion. 
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Available heat per lb. 


Abs. initial 

Abu. back 

i Vacuum,* 

of steam. 

Specific vol. at 

pressure, 

pressure, 

v inches of j 



back pressure, 

ib. pur sq. hi. 

Ib. per aq. 111. 

* mercury. ; 



cubic feet. 

i 

1 

C.1I.U. 

B.Th.U. 

! 

200 

15 

i 

o-o 

105 

! 189 

22*5 

200 

2 

1 25-93 

168 

303 

137 

200 

1 

| - 27-90 

i, __ 

187 

386 

256 

! 100 ! 

| 15 

0*0 

77 

139 

23- 5 

I 100 j 

| 2 

25-93 

143 

257 

142 

1 100 | 

1 

! 27-96 

162 

292 

266 

1 " ‘ 

i is 

2 

25*93 

78 

131 - 

1 

157 

1 15 

1 1 

27*96 

150 

270 

293 


* Referred to 30-inch barometer. 

Tt will be seen from the table that the advantage due to lowering 
the back pressure, made possible by condensing the exhaust steam, is 
relatively greater the lower the initial pressure. Also tb^ gain per lb. 
per square inch reduction in back pressure is greater the lower the 
back pressure. 

Although the thermodynamic efficiency is greater the lower the 
back pressure, the ultimate efficiency may be reduced when the back 
pressure is reduced beyond a limit depending on the cost of producing 
and utilizing that back pressure. In reciprocating engines there is 
generally no saving by increasing the vacuum beyond 27 inches of 
mercury and 26 inche&is often taken as the limit, but in steam turbines 
the vacuum may with advantage be 28 inches and in special cases it 
may exceed 29 inches. 

324. Vacuum Measurement. — The measure of a vacuum in a vessel 
is the difference between the atmospheric pressure and ^ 
the absolute pressure in the vessel. To make this 
measure definite it must be converted to correspond ' / 

with a standard atmospheric pressure. The standard 
atmospheric pressure generally taken in connection 
with vacuum measurement is the barometric pressure 
of 30 inches of mercury which corresponds to 14*71 lb. 
per square inch. /* 

The conversion of a vacuum gauge reading to B 

standard will be best understood by referring to Fig. 

5#7. A is a mercury barometer and B a mercury 

vacuum gauge, both dipping into an open basin of 

mercury C. The vacuum gauge is connected at D to 

the condenser or other vessel, the vacuum in which is C 

to be measured. The column of mercury EF in A 

balances the pressure of the atmosphere acting on the 557 

surface of the mercury in C. The column of mercury 

EG in B plus the absolute pressure p in the vessel connected to B 



Fig. 557 
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. at D acting on the top of the column EG also balances the pressure of 
the atmosphere, therefore the height GF measures the absolute pressure 
p above the mercury in B. But the pressure p is independent of 
the pressure of the atmosphere. Hence, if the reading of the vacuum 
gauge, corrected to standard, is h 

30 — 7* = EF - EG or h = 30 - EF + EG. 

For example, if the gauge shows a vacuum of 27*1 inches when the 
barometer shows 29*3 inches the vacuum corrected to standard is 
30 - 29*3 +.27-1 = 27*8 inches. 

The vacuum gauge reading, corrected to standard is sometimes 
expressed as a percentage of the standard barometric height, thus, in 
the above example 27*8 inches is 92*7 per cent, of 30 inches. A 
vacuum so expressed must not, however, be confused with vacuum 
efficiency as defined in Art. 332, p. 401. 

The vacuum gauges used in practice are similar to pressure gauges 
and /ire generally of the Bourdon type (see Figs. 107 and 168, p. 160), 
but the dials are graduated to read inches of mercury. 

It may be noted here that 1 inch of’ mercury corresponds to 
0*491 lb. per square inch, and 1 lb. per square inch corresponds to 
2*030 inches of mercury. 

For rough calculations 1 lb. per square inch may he taken as 
equivalent to 2 inches of mercury. 

325. Elements of a Condensing Plant. — For t lie purpose of main- 
taining a vacuum by the condensation and removal of the exhaust 
steam, the principal requirements are : — 

(1 ) A condenser in which the steam is condensed. 

(2) A supply of injection or cooling water. 

(3) A pump to circulate the cooling water when a surface condenser 
is used. 

( 4 ) A pump, called the air pump, for removing the condensed steam 
and the air and uncondensed water vapour from the condenser. 
[Separate pumps may be used for (a) the condensod steam and (b) tho 
air and uncondensed water vapour.] 

(5) A receptacle for the condensed steam discharged by the air 
pump, called the hot-well , from which the boiler feed is taken. 

(6) Arrangements for recooling the cooling water of a surface 
condenser or the excess injection water not required for boiler feed, in 
cases where the water has to he used over and over again for cooling 
or injection purj>oses. 

* 326. Types of Condensers. — There are two main classes of con- 

densers. (Y) Jet condenser s in which the water for the condensation 
of the steam mixes with the steam, and (2) Surface condensers, in which 
the steam is condensed by contact with metal tubes kept comparatively 
cool by water which does not mix with the steam. 

The first class may be subdivided into — 

(a) Parallel flow condensers , in which the jet or spray of water and 
the steam enter the condenser at the top and fall togeiher to the 
bottom. 

( b ) Counter current condensers in which tho steam flows upwards 
through the condenser, meeting the water which streams downwards 
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from the top. The air is removed at the top and the water, separately, 
at the bottom. 

(c) Ejector condensers in which the steam and water mix in a series 
of combining cones and the kinetic energy of the steam is utilized to 
assist in moving the water through the condenser into the hot-well 
against the pressure of the atmosphere. 

(d ) Barometric condensers in which a jet condenser at a high level 
is provided with a long vertical discharge pipe delivering the hot water 
into a sump at the bottom without the aid of a pump, but an air pump 
is required to remove the air at the top. 

The second class may be subdivided into — 

(i) Surface condensers in which the cooling water flows through 
tubes while the steam flows around them. 

fii) Surface condensers in whicli the steam flows through the tubes 
while the cooling water flows aiound them. 

(iii) Evaporative condensers in which the steam flows through the 
tubes which are kept comparatively cool by water trickling over* them, 
the cooling water being evaporated and taking its latent heat of 
vaporization from the tubes. 

Jet condensers are only used where the supply of condensing water 
is reasonably pure because it goes with the condensed steam to the hot- 
well from which the boiler feed water is taken. 

In modern condensing plants the most common types of condensers 
are, the counter current jet condenser, and. the surface condenser in 
which the cooling water flows through the tubes and the steam flows 
around them. 

327. Parallel Flow Jet Condensers. — Fig. 558 illustrates a design 
of parallel flow condenser, together with its air pump, taken from one 
of Mr. Michael 
Longridge’s reports 
to the British 
Engine, Boiler and 
Electrical Insur- 
ance Company. This 
form of condenser 
has been much used 
for reciprocating 
mill engines. The 
air pump shown is a 
modified Edwards 
pump (see p. 465). 

The exhaust steam 
from the low-pres- 
sure cylinder enters 
the condenser at S 
and meets the spray 
of injection water 
W coming from the Fig. 558. 

perforated pipe P. 

The condensate falls to the bottom of the condenser and flows to the 
air pump which removes it, together with the air, to the hot-well- 
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328. Counter Current Jet Condensers. — A vertical section through 
a Mirrleos-Watson counter current jet condenser is shown in Fig. 559. 
The injection water enters the top compartment 1 of the condenser and 
falls in a large number of jets through perforations in the conical 
shaped plate 2. The falling water is caught in the tray 3, from which 
it escapes in a second series of jets. The water jets from the bottom 
of the tray 3 descend through the short pipe 4 to the bottom of the 
condenser while the others are caught in the annular tray 5, The 



water in the tray 5 escapes in a third series of jets and falls to 
the bottom of the condenser. 

The exhaust steam and any air mixed with it enter the bottom 
compartment of the condenser and flow towards the top as shown by 
the arrows. Encountering jets of water all the way the steam is very 
nearly all condensed. The air and uncondensed water vapour are led 
away from the top of the condenser by the pipe 6 to the separator 7 
where any suspended water drops out and falls through the pipe 8 to a 
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sump below. From the separator a pipe 9 leads the moist air to the 
air pump. 

If the condenser is a low-level one, that is, one placed near the 
level of the engine, the water is taken from the condenser or from a 
closed collecting tank below it by a pump, generally of the centrifugal 

type- . . 

If the condens3r is a high-level or barometric one, that is, one the 
bottom of which is not less than, say, 35 feet above the level of the 
water in the collecting tank or sump, the condenser is self discharging 
so far as the water is concerned, but a pump is generally necessary to 
force the injection water up to the condenser. 

Whether the condenser is at a low or high level the air pump has 
only to deal with the moist air. 

329. Ejector Condensers. — Led ward’s well known ejector condenser 
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is shown in Fig. 560. The water enters at the top and flows through 
a number of co-axial nozzles fixed in a tube in which there are steam 
ports leading into the spacos botween the nozzles. The water enters 
under a head of from 15 to 20 feet, and, in rushing across the gaps 
between the central parts of the nozzles, drags in tho exhaust steam 
and air. The steam becomes condensed and the air is carried forward 
with the water. The ejector condenser therefore acts as an air pump 
as well as a condenser. 

It is usual to fit a check valve V in the exhaust pipe near to the 
condenser! This is a non-return valve hinged on a spindle S. The use 
of the check valve is to prevent the backward rush of water from the 
discharge tank to the engine which would follow a sudden failure of 
the water supply to the condenser. Such a backward rush of water 
would close the check valve. An addition to the check valve is a 
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cam C attached to a spindle T operated by a handle II by which means 
the check valve may be locked in its closed position. 

When thore is no natural head for the supply of water to the con- 
denser the arrangement shown in Fig. 561 may be used. A centri- 
fugal pump delivers the water direct to the condenser at the necessary 
pressure. The dotted lines at the top of Fig. 561 show the connection 
of the eonden&nr to an overlie ul tank when a natural head of water is 
available. 

The ejector condenser is small in comparison with other types of 
condensers and there being no air pump the first cost is low. It is also 
simple and reliable, but it is generally only used for comparatively small 
engines. The vacuum obtained is generally about 24 inches. The 
vacuum may however bo raised by increasing the water supply, but it 
is not found to lie economical to use this type of condenser where a 
high vacuum is required. 

330. Surface Condenssrs. — The chief features of the most common 
type of surface condenser are: — (l) A shell, placed horizontally, and 
having a cross-section which is cither circular or narrows towards the 
bottom. (2) Flat tube plates bolted on to and covering the ends of 
the shell. (3) Water boxes open to and surrounding the tube plates. 
The water box at one end lias a horizontal partition about half-way up, 
dividing it into lower and upper compartments A and II. The other 
box has only one compartment C. (4) A large number of tubes ex- 
tending between the tube plates and providing communication between 
the water boxes. (5) A large opening I) in the top of the shell, pre- 
ferably rectangular in shape. (6) A smaller opening E in the bottom 
of the shell. 

The operation of this condenser is as follows : — Tooling water is 
pumped into the water compartment A from which it passes through 
the lower nest of tubes to the water compartment 0, returning through 
the upper nest of tubes to the compartment JJ, which it leaves through an 
outlet at the top. The steam enters the shell by the opening 1) and 
passing over the tubes is condensed and leaves by the opening E and 
passes to the air pump. 

It is generally agreed that the steam should flow as directly as 
possible across the tubes and that baffle plates which cause a sudden 
change in the direction of flow should be avoided, but directing plates 
may be used to ensure that all the tubes throughout their length shall 
be as fully effective as possible. 

Figs. 562 and 563 show the “ uniflux ” surface condenser designed 
and made by Messrs G. & J. Weir. Fig. 562 is a vert cal longitudinal 
section while Fig. 563 is a vertical cross-section through the inlet and 
outlet water compartments. The shell S is built up of steel plates. 
The water boxes are of cast iron and they are provided with inspection 
doors O. The exhaust steam enters the condenser at D and the air 
and condensed steam leave at E. Two intermediate transverse plates 
J, through which the tubes pass, serve to prevent the deflection of the 
tubes and keep them at the correct pitch throughout their length ; 
these plates also serve to direct the steam in its passage over the tubes. 

The cooling water enters the chamber A at F and passes through 
the lower nest of tubes to the chamber C and then returns through 
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the upper nest of tubes to the chamber B from which it leaves by the 
outlet (r. 

In order to keep the velocity of the steam approximately uniform 
as it condenses, the cross-section of the body of the condenser is 
gradually reduced in width towards the bottom as shown in Fig. 563. 
For the same reason the tubes in the lower nest are generally placed 


l D , 



Fio. 502. 


Fin. 503. 


closer together. A perforated baffle plate P is (ixed just under the 
bottom nest of tubes. The till mi plates are supported by bar *tays, not 
shown, which extend from one tube plate to the other. 

The Westinghouse design of surface condenser is shown in Figs. 564 
and 565, prepared from illustrations in a paper by Mr. A. K. Ixngli 
Soanes in the ProccviUngs of fhv IiiKtihilton of Mt’vhmiii’ul Engineers for 
1913. The important difference between this condenser ami the one 



Fig. 504. 


Fig, 5G5. 


shown in Figs. 56*2 and 563 is that the air and condensed steam are 
taken separately from different parts of the condenser. The condensed 
steam outlet is at E in the bottom of the condenser while the air- 
outlet is at II on the side of the condenser. A baffle plate K facing 
the air outlet serves to prevent* the steam following the air which 
passes round the ends of the baffle plate. The longitudinal section 
(Fig. 564) is partly through the centre and partly at the vertical part 
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of the baffle plate K which explains the apparent interruption in the 
tubes towards the bottom ; all the tubes extend from one tube plate to 
the other. 

In the uppor part of the upper nest of tubes it will be seen from 
Fig. 565 that there are gaps which serve to give greater area for the 
flow of the steam where there is most steam ; this conduces to more 
uniform velocity of flow. 

The shell S is of cast iron in the example shown in Figs. 564 and 
565. The bar stays for the tube plates will be seen amongst the tubes 
in Fig. 565. 

The two condensers illustrated in Figs. 562 to 565 are called 
double - or two flow condensers because the circulating water traverses 
the length of the condenser twice. By introducing more partitions 
into the water boxes the condenser may be converted into a three-flow 
or even a fourflow condenser. The velocity of the water is made 
greater the greater the number of flows. The rate of transmission 
of heat through the tubes to the circulating water increases as the 
velocity of the water increases but the power required to circulate the 
water is also increased. 

Condenser tubes are made of brass and are most commonly J inch 
in external diameter and about ~ inch thick. Tubes having an ex- 
ternal diameter of § inch are also frequently used. 

Fig. 566 shows in detail the method of connecting the tube plate T 
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to the shell S and also the connection of the water box B to both. It 
will be seen that the water box may be removed without disturbing 
the joint between the tube plate and the shell. Condenser tube plates 
are made of brass, and are generally 1 inch or 1$ inches thick. 

Fig. 567 shows how the tubes are connected to the tube plates. 
The hole for each tube is enlarged for the greater part of its depth and 
screwed. A ring of cotton tape is slipped over the end the tube after 
the tube is in position and compressed by the screwed gland G. This 
design of connection allows the tube to expand or contract freely, while 
it is at the same time steam and water tight. An internal lip L on 
the gland prevents the tube creeping out. 

The tubes are pitched zigzag on lines at 60° as shown in Fig. 568. 
331. Amount of Water for Condensation of Steam. — Consider 
1 lb. of steam as it enters the condenser. Let L be its latent heat, 
x its dryness fraction, t its temperature, and h its sensible heat. Let 
this steam be condensed in the condenser to water whose temperature 
is and sensible heat /q. 
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The heat given up by the steam is xl» + h — h lm 

Let W be the weight, in lb., of the injection water in the ease of a 
jet condenser, or cooling water in the case of a surface condenser, 
required for the condensation of 1 lb. of steam, and let / 2 and h be the 
initial and final temperatures of this water, and h 2 and h% the corre- 
sponding sensible heats. The heat taken up by this water is 
W (* 8 - h*\ , 

Assuming that all the heat lost by the steam in condensing is given 
to the injection or cooling water — 

W(fc 3 - *,) = xL + h-h L and W = xJj + h ~ 

"3 "2 

The drop or increase in sensible heat may be taken with sufficient 
accuracy as the temperature difference, then 

h — h x = t — and /< 3 — ^2 = *3 — hence W = X ^ 

h — *2 


At the pressures at which steam usually enters a condenser the 
latent heat L does not exceed 585 C.H.U. (1055 JJ.Th.U.) and is not 
less than 565 C.H.U. (1017 B.Th.U.). The average value of L is 
about 575 C.H.U. (1035 B.Th.U.). 

As to the value of x, this is higher for steam turbines than for 
reciprocating engines, as is clearly shown in Fig. 553, p. 445. In 
reciprocating engines expansion at constant volume at the end of the 
stroke in the low-pressure cylinder may reduce the value of x 
considerably. 

For the purpose of preliminary calculations in connection with the 
design of a condensing plant x is generally taken as one. 

The formula given above applies to both jet and surface condensers, 
but in the case of a jet condenser the final temperature of the 
injection water is equal to the temperature of the condensed steam, 
while in a surface condenser / 3 must be less than the temperature of 
the steam entering the condenser. 

The amount of cooling water required to condense 1 lb. of steam in 
a surface condenser is generally considerably greater than the amount 
of injection water required for the same purpose in a jet condenser. 

332. Vacuum Efficiency.— The minimum absolute pressure at the 
steam inlet to a condenser is that corresponding to the temperature of 
the condensed steam, and the corresponding vacuum is the maximum 
obtainable in a perfect condensing plant, with no air present, at that 
temperature. The ratio of the actual vacuum obtained at the steam 
inlet to the condenser to this maximum is called the vacuum efficiency. 

For example if the temperature of the condensed steam is 35° C., 
the corresponding absolute pressure of the steam is 0*814 lb. per square 
inch, and the corresponding vacuum (barometer 30 inches) is 
(14*74 — 0*814) x 2*036 = 28*35 inches. If the actual vacuum at the 
steam inlet to the condenser is 27*7 inches, the vacuum efficiency is 


27*7 x 100 
28*35 


= 97*7 per cent. 


333. Condenser Efficiency. — There is no standard method of 
ascertaining the efficiency of a condenser. According to the method 
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adopted by Messrs. C. A. Parsons <fo Co., the thermal eilieioncy of a con- 
denser is the ratio of the difference between the outlet and inlet 
temperatures of the cooling water to the difference between the 
temperature corresponding to the vacuum in the steam space and the 
inlet temperature of the cooling water. 

For example : Let the inlet temperature of the cooling water be 
28° C. and the outlet temperature .‘15° (J., and let the vacuum be 
28*25 inches (barometer 50 inches). 

The absolute pressure corresponding to the vacuum is (.50 — 28*25) 
X 0*491 = 0*859 lb. per square inch, and the corresponding tempera- 
ture is 36° C. 


Hence the condenser efficiency is 


35 - 28 

36 - 28 


= 0*875 or 87*5 per cent. 


334. Sources of Air in Condensers --The air found in condensers 


comes in, (l) with the steam from the boiler into which it enters 
dissolved in the feed-water, (2) by leakage from tho atmosphere at the 
various joints of parts which are internally under a pressure less than 
that of the atmosphere, and also through porous castings, and (3), in 
the case of jet condensers, with the injection water in which it is 
dissolved. 


Feed-water from condensed steam through a circuit which is 
mainly shut off from the atmosphere, and which is used over and over 
again, becomes to a large extent purged of air. Hence, in addition to 
the great saving of heat clue to feeding the boiler with condensed 
steam from the engine, there is flic; additional advantage of having to 
deal with less air in the condenser. 


Air arriving in the condenser through leakage; from the atmosphere 
may be reduced to a very small quantity by good design, accurate 
workmanship, and careful attention, during the life of the plant, to 
the various joints where air leakage may occur. 

The amount of air to be found in condensers cannot be stated with 


certainty, it varies in different cases and at different times, but the 
following approximate figures may be given. 

In the surface condensers of well designed and properly maintained 
steam turbine plants the amount of air passing into the condenser 
should not exceed 5 lb. per Iff, 000 lb. of steam. With reciprocating 
engines having surface condenseis the air leakage is probably 15 lb. 
per 10,000 lb. of steam. The reason for the greater air leakage in tho 
case of reciprocating engines is that the low pressure glands are not 
sealed with steam or water, a precaution which is generally taken with 
turbines. 


The air arriving in a jet condenser in the injection water is not 
usually under control; it is greater in amount the colder tho water, 
and may be taken at about ^ lb. of air to 10,000 lb. of water. If the 
amount of injection water is, say, 30 lb. per lb. of steam, this means 
15 lb. of air per 10,000 lb. of steam, and to this must be added the air 
which comes in with the steam. It would appear therefore that while 
the air pump of a steam turbine, having a surface condenser, may 
have to deal with only about 5 lb. of air per 10,000 lb. of steam, the 
air pump of a reciprocating engine having a jet condenser may liavo 
to deal with about 30 lb. of air per 10,000 )b. of steam. 



CONDENSERS AND AJIi TUMPS 


463 


335. Mixtures of Air and Water Vapour— Dalton’s Laws. — 
Dalton (b. 1766, d. 1844) demonstrated experimentally the following 
laws which were afterwards verified by Gay-Lussac : — 

I. “ The pressure, and, consequently, the quantity, of vapour which 
saturates a given space are the same for the same temperature, whether 
there is or is not any other gaseous substance in the space.” 

II. “ The pressure of the mixture of a gas and a vapour is equal to 
the sum of the pressures which each would exert if it occupied the 
same space alone.” 

The second law is a consequence of the first, and is known as the 
law of partial pressures. 

The application of the above laws to condenser and air pump 
problems is illustrated by the following examples: — 

Example 1 . — The vacuum in a condenser is found to be 28 inches of 
mercury (barometer 30 inches) and the temperature is 30° <J. To find 
the weight of air present per lb. of uncondensed steam. 

From the steam table 1 lb. of steam at 30° 0. will exert a pressure 
of 0 614 lb per square inch and have a volume of 528 cubic feet. The 
air present per lb. of steam will, by Dalton’s first law, have a volume 
of 528 cubic feet. 


The combined pressure of the air and steam is 2 inches of mercury, 
or 2 x 0*491 = 0*982 lb. per square inch. T»y Dalton’s second law the 
pressure of the air is 0*982 — 0*014 = 0*308 lb. per square inch. 

For W lb. of air 141 pv = 96WT. 


Therefore W = 


96(273 -f 30) 


144 x 0-368 x '>28 
" 90 x 303 =0-962 lb. 


Example II. -A surface condenser deals with 5000 lb. of steam 


per hour and the air leakage amounts to 2 lb. per hour. The 
temperature of the air pump suction is 35° 0. and the vacuum is 
27 inches (barometer 30 inches). The volumetric efficiency of the air 
pump is 80 per cent. To determine the discharging capacity of the air 
pump, in cubic feet per minute, to remove the air and condensed steam. 

At 35° <J. the pressure of the steam is 0*814 lb. per square inch. 

The combined pressure of air and steam is ^30 — 27) X 0*491 
= 1*473 lb. per square inch. 

Partial pressure of the air = 1*473 — 0*814 = 0 659 lb. pet sq. in. 

Weight of air per minute = -g- lb. 

Volume of air per minute = v cubic feet. 

144 x 0*659i? = X 96 x (273 -f 35), from which v = 10*39. 

Weight of steam condensed per minute = lb. 

Volume of condensate = --p X 0*0161 = T34 cubic feet. 

Theoretical capacity of air pump = 10*39 + 1*34 = 1T73 cubic 


feet per minute. 

Effective capacity of air pump = 


11*73 

0*8 


= 14*66 cubic feet per min. 


336. Independent Drives for Air and Water Pumps. -At one time 
the air and water pumps of a steam engine invariably formed part of 
the main engine, and their speeds had therefore a constant ratio to the 
speed of the engine. In all but small steam power plauts it is now 
usual to drive the various pumps independently by separate steam 
engines, or turbines, or electric motors. 
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One important advantage of independent drives for engine pumps 
is that the pump speeds can be readily adjusted to the work they have 
to do under varying conditions. For example, tho .amount of cooling 
water required by the condenser will depend on its initial temperature, 
which varies from time to time. Another advantage is that the air 
and circulating pumps can be started before the main engine, or kept 
running during a temporary stop, and the main engine will more 
quickly get under way with full load. A still further advantage is 
that in large plants having several main engines one or more spare 
pumping plants may be installed, so that a break down in one will not 
affect, except temporarily, a main engine. 

337. Functions of Air Pumps.— The primary function of an air 
pump is to remove the air which would otherwise accumulate in the 
condenser and choke it. Another common but not essential function 
of the air pump is to remove the water as well as the air from the 
condenser. 

It is becoming increasingly common to have separate pumps for 
extracting the air and water from a condenser. An air pump v?hich 
extracts both air and water is called a wet air pump, while one which 
removes the moist air only is called a dry air pump. So-called dry air 
pumps are, however, sometimes charged with water for the purpose of 
water sealing the valves and cooling the moist air, some of the moisture 
being condensed, or the water may be necessary to the action of the 
pump as a mechanism. The water charge in a dry air pump is 
generally used over and over again. 

338. Types of Air Pumps. — Air pumps may be divided into, 
(1) reciprocating piston or bucket pumps which may bo either wet or 
dry pumps, (2) rotary pumps which 
are generally dry pumps, (3) water 
jet pumps which are nearly always 
wet pumps, and (4) steam jet pumps 
which are dry pumps. 

339. Ordinary Reciprocating Air 
Pump. — Formerly the most common 
type of air pump was the vertical 
single acting bucket pump. Fig. 569 
shows Messrs. (>. <fe J. Weir’s design 
for this type of pump, which is a wet 
air pump. 

The pump shown has an inde- 
pendent drive, the bucket 1 being 
connected directly to the piston of a 
steam cylinder by the rod 2, as iri the 
same firm’s feed pump illustrated on 
p. 177. Connection with the con- w 
denser is made at 3. Foot, bucket, Fig. 5G9. 

and head or delivery valves are shown 

at 4, 5, and 6 respectively. There are of course several valves of 
each class, but only one of each class is shown. The bucket is pro- 
vided with metallic packing rings as shown to a larger scale at (a). 
An inspection door 7 gives access to the foot and bucket valves, but 
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only when the pump is not working. The ledge 8 surrounding the 
hearl valves ensures that they are water sealed, so that if there is any 
leakage through the valves into the pump it will be a leakage of water 
and not air. 

During the up stroke of the bucket, water and air from the 
condenser enter at 3 and pass upwards through the foot valves, while 
the charge of water and air above the bucket is discharged through 
the head valves, the bucket valves being closed. During the down 
stroke the foot and head valves are closed and the charge below the 
bucket passes through the bucket valves into the space above the bucket. 

Air pump valves are now generally thin metal discs whose seats are 
gratings surrounding a central stud to the top of which is secured a 
guard to limit the lift of the disc. 

340. Edwards Air pump. — A design of reciprocating air pump, 
which has been largely used, and which is highly efficient, is the 
Edwards air pump shown in 
Fig. 570. This pump lias no 
foot or bucket valves, and 
since there is no passage 
through it the bucket becomes 
a piston. There are head or 
delivery valves of which one is 
shown at 1. These valves are 
placed in the cover 2, which is 
on top of the pump barrel 3. 

The piston 4 has a conical 
bottom 5, and the bottom of 
the pump casing follows the 
contour of this part of the 
piston. Circumferential grooves 
formed on the piston hold 
water and form a labyrinth 
packing. Ports 6 are made in 
the barrel near its lower end. 

Connection with the condenser 
is made at 7. 

During the down stroke of Fro. 570. 

the piston a vacuum is produced 

in the barrel above tho piston, the head valves being closed, and as soon 
as the piston begins to uncover the ports 6 the air and water vapour 
from the condenser rush into the space above the piston. The conical 
part of the piston enters the water which has flowed into the bottom 
of the pump from the condenser and drives it over the lower part of 
the barrel and through the ports 6. The pump is now charged, and 
during the up stroke of the piston the charge is expelled through the 
head valves and then over the weir 8 on its way to the hot- well. The 
weir 8 ensures a head of water over the head valves so that if there is 
any leakage through these valves into the barrel it is a leakage of 
water and not air. 

The head valves are accessible, even when the pump is working, 
through the door 9. 

2 H 
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The water-sealed relief valve 10 opens to the atmosphere when for 
any reason the pressure below the piston exceeds the pressure of the 
atmosphere. 

The cover 2 is stiffened by having radial ribs 1 1 cast on it between 
the head valves. 

341. Piston Dry Air Pump with Slide Valve. — A piston pump 
for withdrawing the moist air without the condensed steam is shown 



in Fig. 571. The piston 1 is shown at one end of its stroke, and it 
will be seen that the cylinder clearance is small. It is important in a 
pump of this type that water should be excluded as far as possible. 
To guard against the presence of water, relief valves 2 are provided in 
the cylinder covers. The air is discharged through the ordinary lift 
valves 5 into the discharge pipe 4. A specnil feature of this pump is 
the mechanically operated slide valve 5. The functions of the slide 
valve are to open communication between the two ends of the cylinder 
for a short period at the end of each stroke of the piston, and to act 
as a suction valve. 

As shown in Fig. 571 the suction passage 6 is closed, and the slide 
valve is just beginning to uncover the left-hand suction port and make 
connection between the two ends of 
the cylinder through the interior of 
the slide valve. The effect of this 
is best seen from the indicator 
diagram in Fig. 572, for which the 
author is indebted to a paper by 
Mr. W. A. Dexter. Hut for the 
action of the slide valve in equalizing 
the pressure on the two sides of the 
piston at the end of the stroke, the compressed air in the clearance 
space would expand during the next stroke as shown by the dotted 
curve CE, and no air would be taken in until the piston reached the 
position E. But the action of the slide valve allows the pressure to 
drop at once to D and the air then expands to A, which is the position 
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of the piston when suction begins. Without the slide valve the effective 
suction stroke would be EB, and with the slide valve it becomes AB. 
The volumetric efficiency of the pump is therefore considerably 
increased. 

342. Combined Wet and Dry Air Pumps. — The advent of the steam 
turbine, which can utilize a high vacuum more efficiently than a re- 
ciprocating engine (Art. 316, p. 444), has stimulated endeavour to 
reduce the pressure in the condenser. One means of improving the 
vacuum is a supplementary air pump whose duty is to extract tjie 
greater part of the air and water vapour which would otherwise 
remain in the condenser if one ordinary air pump only were used. 
Such a supplementary air pump is called a dry air pump because it has 



to deal with a small quantity of water compared with that passing 
through an ordinary air pump, which is called a wet air pump . 

The combination of wet and dry air pumps designed and made by 
Messrs. G. <fc J. Weir, and known as the Weir dual air pumps, is 
illustrated by Figs. 573 and 574. The former Fig. is partly 
diagrammatic but the latter shows the actual arrangement in outside 
elevation. The bottom part of the condenser is shown at 1, and 
from this the pipe 2 leads the condensed steam to the bottom of 
the ordinary or wet air pump 3. A branch pipe 4 connects the 
upper part of 2 to the bottom of the dry air pump 5. The position 
of the branch pipe 4 in relation to the pipe 2 is such that only the air 
and water vapour from the condenser can enter the pipe 4. The lower 
part 6 and the upper part 7 of the dry air pump are charged with 
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injection water which is cooled by circulating through the surface 
cooler 8. This cooler is double-tubed and two-flow. The circulating 
water for cooling the injection water enters the cooler at 16 and flows 
through the inner tubes leaving the cooler at 17, while the injection 
water, which is led from the top of the dry air pump to the bottom of 
the cooler by the pipe 9, flows through the annular spaces botween the 
inner and the outer tubes as shown. The injection water is then led 
from the top of the cooler to the bottom of the dry air pump by the 
pipe 10. 

The water vapour passing through the pipe 4 from the condenser 
is condensed by the injection water in 6, and the air coming with the 
water vapour is cooled. The condensed water vapour and the cooled 
air and a portion of the injection water are then lifted in the ordinary 
way by the dry air pump bucket into the space 7 from which the air, 
and the excess water not required to fill the injection water space, pass 
through the pipe 1 1 and through the spring loaded valve 1 2, and then 



through the port 13 into the wet air pump which delivers its own charge 
and that from the dry air pump into the hot- well. 

The spring-loaded valve 12 is adjusted to maintain a vacuum of 
about 20 inches in the dry air pump hot-well when the condenser is 
working with a vacuum of 28 inches, and this 8 inches difference of 
pressure is sufficient to cause the injection water to overcome the cooler 
friction and pass into the suction, and at the same time prevent any 
direct air connection between the dry suction and discharge. 

The charge of injection water for the dry air pump is obtained 
through the pipe 14, from the hot- well of the wet air pump, by openiog 
the valve 15 for about a minute when the pumps are started. 

The pressure range in the dry air pump is less than half that in the 
wet pump, since the former discharges into the latter during the down 
stroke of the latter because the buckets move in opposite directions. 

Since the circulating water for the cooler does not enter the hot- 
well from which the boiler feed water is taken, the temperature of the 
Matter is considerably higher than it would be if the same vacuum were 
produced by means of a single wet air pump. When in efficient 
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working condition the dry air pump should be at least 15° F. (8*3° C.) 
below the wet pump temperature. 

343. Parsons 1 Vacuum Augmenter. — A simple substitute for the 
dry air pump is a steam jet issuing into a convergent combining cone, 
and this is adopted in Parson a* vacuum augmenter. This successful in- 
vention is illustrated by Fig. 575. The steam condensed in the main 
condenser passes direct to the air pump and the greater part of the 
water vapour and air remaining is extracted by the suction of the 
steam jet issuing into the convergent combining cone shown. The steam 
used in the jet is discharged into the augmenter condenser, where it is 
condensed together with any water vapour accompanying it from the 
main condenser. The condensate from the augmenter condenser 



together with the air extracted by the steam jet, joins the main con- 
densate and the whole passes to the air pump. 

The main and augmenter condensers are surface condensers, but for 
the sake of clearness the tubes in both have been omitted in the 
illustration. 

The energy of the steam jet is used to force the air from the main 
condenser into the augmenter condenser where the absolute pressure 
is higher than in the main condenser. This difference of pressure in 
the two condensers acoouuts for the difference of level of the water in' 
the horizontal and vertical parts of the main discharge pipe. 

The double bend in the main discharge pipe causes the formation 
of a water seal which prevents the return of the air extracted by the 
steam jet. 

Messrs. C. A. Parsons & Co. stato that the steam used by the 
vacuum augmenter jet is now only 0*6 per cent, of the steam used by 
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the turbine at its nominal full load, and the advantages of increased 
vacuum much more than compensate for the amount of steam which the 
jet takes. 

It should be noted that the load on the air pump is that due to the 
vacuum in the augmenter condenser and not to the higher vacuum in 
the main condenser. 

Referring to Fig. 575 it will 1x3 seen that a weir is provided at the 
condensate outlet of tbo main condenser. This weir is a little above 
the bottom of the condenser and causes enough water to be held back 
to submerge or drown a few of the bottom rows of tubes through which 
the coolest circulating water passes. This water which is held back, 
and which is constantly being renewed, is reduced in temperature and, 
in consequence, the vapour pressure is also reduced, with the result that 
the absolute pressure in the condenser is lowered. As a partial set-off 
against this, the temperature of the boiler feed water is also lowered. 

Messrs. C. A. Parsons & Co. inform the author that in the most 
recent practice ejector air pumps are used, the ejector being simply an 
amplification of the augmenter principle, in which a compound system 
of steam jets replaces both the reciprocating air pumps and the 
augmenter, and no augmenter condenser is employed, but the steam 
from tho ejector is condensed in a feed heater, through which the mam 
boiler feed is circulated. Even when reciprocating air pumps in con- 
junction with an augmenter jet are installed, the augmenter condenser 
is not now fitted, as the plant is so arranged that the heat energy in 
the augmenter steam is recovered in the feed heater, instead of being 
thrown away in the circulating water, and with this arrangement, 
there would be no object in “drowning ” any of the condenser tubes. 

344. Air Pump Capacity in Relation to Vacuum.— Knowing, 
approximately, the weight of air which an air pump will have to 
remove from a condenser for a given steam consumption, the capacity 
of the pump may be computed by the method illustrated in Example 1 1. 
of Art. 335. Considering this question further, suppose that the con- 
denser temperature is 20° C. (58° F.). The corresponding absolute 
steam pressure is 0*339 lb. per square inch. If no air were present the 
vacuum would be 30 — 0*339 x 2*036 = 29*31 inches with a barometer 
of 30 inches. 

For a vacuum of 27 inches the total pressure of air and steam is 
(30 — 27^ X 0*491 = 1*473 lb. per square inch, and the air pressure is 
1*473 — 0*339 = 1*134 lb. per square inch. 

Similarly the air pressures for vacua of 28 inches and 29 inches are 
0*643 and 0*152 lb. per square inch respectively. 

The temperature being the same in each cast*, the relative volumes 
of the air to be dealt with by the air pump in the three cases will be 
inversely as the pressures. Denoting the volume of the air for the 
27 inch vacuum by 1, the volumes of the air for the 28 inch and 29 inch 
vacua will be 1*76 and 7*46 respectively. This shows that the required 
capacity of the air purnp increases rapidly as the theoretical maximum 
vacuum for a given temperature is approached. 

Since the speed of reciprocating air pumps is very limited they 
become very bulky for high vacua and large powers. This has led 
engineers to design and experiment with rotary air pumps and steam 
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air ejectors, examples of which are illustrated and described in the next 
two Arts. 

345. Leblanc Rotary Dry Air Pump. — The air pump shown in 
Fig. 576, invented by Professor Maurice Leblanc, is selected as an 
example of a rotary air pump. This is a dry air pump, although it is 
charged with water for the purpose of its operation. 

A cross-section of the pump is shown at (a) and a longitudinal 
section of the upper half at (b). A wheel or impeller 1, keyed to a 
shaft, carries a ring of vanes 2 which is overhung. The pump chambes 
3, which is inside the ring of vanes is charged with water which escaper 
through the nozzle 4 on to the vanes. As the wheel revolves the water 
from the nozzle is caught up between the vanes and thrown out by 
centrifugal force in thin sheets which fly into the collecting cone 5 with 
a velocity of about 130 feet 
per second. These sheets of 
water become pistons in the 
collecting cone, and the air 
from the condenser coining 
in at 6 is drawn downwards 
and entrained between the 
successive sheets of water. 

After passing through the 
collecting cone, the air and 
water enter the diffuser 7, 
only a portion of which is 
shown, where the velocity is 
gradually reduced and the 
kinetic energy converted into 
pressure energy, so that by 
the time the air and water 
reach the outer ond of the 
diffuser, which is a divergent 
pipe, the pressure is sufficient 
to overcome the pressure of 
the atmosphere, anil, if 
necessary, a head of water in 
addition. Fig. 576. 

The discharge takes place 

into a tank where the air is liberated and the water returns to the 
pump chamber 3 and is used over and over again. 

The water becomes slightly hoated by the moist air from the con- 
denser, and by friction, but the temperature is limited by having a 
small cold water supply to the tank and an overflow pipe. 

If the water level in the tank is above the level of the pump the 
latter will always be charged with water, but this requires slightly more 
power to drive the impeller on account of the head of water on the 
discharge. Without this head of water the pump may be recharged 
at starting by means of high-pressure steam supplied to the nozzle 8 
through the branch 9. 

The shaft carrying the impeller is, generally, most conveniently 
driven by an electric motor. 
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tbe turbine at its nominal full load, and the advantages of increased 
vacuum much more than compensate for the amount of steam which the 
jet takes. 

It should be noted that the load on the air pump is that due to the 
vacuum in the augmenter condenser and not to the highor vacuum in 
the main condenser. 

Referring to Fig. 575 it will 1x3 seen that a weir is provided at the 
condensate outlet of the main condenser. This weir is a little above 
the bottom of the condenser and causes enough water to be held back 
to submerge or drown a few of the bottom rows of tubes through which 
the coolest circulating water passes. This water which is held back, 
and which is constantly being renewed, is reduced in temperature and, 
in consequence, the vapour pressure is also reduced, with the result that 
the absolute pressure in the condenser is lowered. As a partial set-oft 
against this, the temperature of the boiler feed water is also lowered. 

Messrs. C. A. Parsons & Co. inform the author that in the most 
recent practice ejector air pumps are used, the ejector being simply an 
amplification of the augmenter principle, in which a compound system 
of steam jets replaces both the reciprocating air pumps and the 
augmenter, and no augmenter condenser is employed, but the steam 
from the ejector is condensed in a feed heater, through which the mam 
boiler feed is circulated. Even when reciprocating air pumps in con- 
junction with an augmenter jet are installed, the augmenter condenser 
is not now fitted, as the plant is so arranged that the heat energy in 
the augmenter steam is recovered in the feed heater, instead of being 
thrown away in the circulating water, and with this arrangement, 
there would be no object in “drowning” any of the condenser tubes. 

344. Air Pump Capacity in Relation to Vacuum.— Knowing, 
approximately, the weight of air which an air pump will have to 
remove from a condenser for a given steam consumption, the capacity 
of the pump may be computed by the method illustrated in Example 11. 
of Art. 335. Considering this question further, suppose that the con- 
denser temperature is 20° C. (68° F.). The corresponding absolute 
steam pressure is 0*339 lb. per square inch, if no air were present the 
vacuum would be 30 — 0*339 x 2*036 = 29*31 inches with a barometer 
of 30 inches. 

For a vacuum of 27 inches the total pressure of air and steam is 
(30 — 27) x 0*491 = 1*473 lb. per square inch, and the air pressure is 
1*473 — 0*339 = 1*134 lb. per square inch. 

Similarly the air pressures for vacua of 28 inches and 29 inches are 
0*643 and 0*152 lb. per square inch respectively. 

The temperature being the same in each cast*, the relative volumes 
of the air to be dealt with by the air pump in the three cases will be 
inversely as the pressures. Denoting the volume of the air for the 
27 inch vacuum by 1, the volumes of the air for the 28 inch and 29 inch 
vacua will be 1*76 and 7*46 respectively. This shows that the required 
capacity of the air pump increases rapidly as the theoretical maximum 
vacuum for a given temperature is approached. 

Since the speed of reciprocating air pumps is very limited they 
become very bulky for high vacua and large powers. This has led 
engineers to design and experiment with rotary air pumps and steam 
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air ejectors, examples of which are illustrated and described in the next 
two Arts. 

345. Leblanc Rotary Dry Air Pump. — The air pump shown in 
Fig. 576, invented by Professor Maurice Leblanc, is selected as an 
example of a rotary air pump. This is a dry air pump, although it is 
charged with water for the purpose of its operation. 

A cross-section of the pump is shown at (a) and a longitudinal 
section of the upper half at (b). A wheel or impeller 1, keyed to a 
shaft, carries a ring of vanes 2 which is overhung. The pumpehambes 
3, which is inside the ring of vanes is charged with water which escaper 
through the nozzle 4 on to the vanes. As the wheel revolves the water 
from the nozzle is caught up between the vanes and thrown out by 
centrifugal force in thin sheets which fly into the collecting cone 5 with 
a velocity of al>out 130 feet 
per second. These sheets of 
water become pistons in the 
collecting cone, and the air 
from the condenser coming 
in at (5 is drawn downwards 
and entrained between the 
successive sheets of water. 

After passing through the 
collecting cone, the air arid 
water enter the diffuser 7, 
only a portion of which is 
shown, where the velocity is 
gradually reduced and the 
kinetic energy converted into 
pressure energy, so that by 
the time the air and water 
roach the outer end of the 
dill user, which is a divergent 
pipo, the pressure is sufficient 
to overcome the pressure of 
the atmosphere, and, if 
necessary, a head of water in 
addition. 

The discharge takes place 
into a tank where the air is liberated and the water returns to the 
pump chamber 3 and is used over and over again. 

The water becomes slightly heated by the moist air from the con- 
denser, and by friction, but the temperature is limited by having a 
small cold water supply to the tank and an overflow pipe. 

If the water level in the tank is above the level of the pump the 
latter will always be charged with water, but this requires slightly more 
power to drive the impeller on account of the head of water on the 
discharge. Without this head of water the pump may be recharged 
at starting by means of high-pressure steam supplied to the nozzle 8 
through the branch 9. 

The shaft carrying the impeller is, generally, most conveniently 
driven by an electric motor. 
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346. Steam Air Ejectors. — Very good result^ are now obtained by 
using jets of steam to withdraw the air from condensers. Although 
this method is an old one it is only in recent years that it has been 
perfected. One of the successful applications of this method is found 
in Leblanc's steam air ejector , an example of which is shown in Fig. 577. 
The moist air from the condenser 
is drawn in at 1 and then com- 
pressed and discharged at not 
less than atmospheric pressure. 

The compression takes place in 
two stages. In the first stage, 
in the example shown, there is 
ohe steam nozzle 2 and in the 
second stage there is a group of 
steam nozzles 3. All the steam 
nozzles are of the de Laval type. 

Steam, generally at a gauge 
pressure of not less than 1 00 lb. 
per square inch, enters at 4 
through a stop valve, not shown 
in Fig. 577, and feeds directly 
the second stage nozzles 3. The 
steam reaches the first stage 
nozzle 1 through the pipe 5 in 
which there is a controlling 
valve G. 

The steam expanding in the 
nozzles issues from them with a 
velocity of from 3000 to 4000 
feet per second and at a small 
absolute pressure depending on 
the vacuum in the condenser. 

The friction between the first 
stage steam jet and the sur- 
rounding moist air causes the Fig. 577. 

latter to be entrained, and the 

mixture of steam and air rushes forward into the diffuser 7 where the 
kinetic energy of the mixture is converted into pressure energy and, 
before reaching the second stage, both air and steam are compressed 
to about seven times the pressure in the space 1. The further com- 
pression required takes place in the second stage, aided by the action of 
the steam jets from the nozzles 3. 

Discharge takes place into the boiler feed tank whore the steam is 
condensed and its heat utilized. 

The steam air ejector is characterized by extreme simplicity and 
it occupies a very small space compared with other forms of air 
pumps. 

Exercises XXI 

1. The vacuum in a condenser is 28*1 inches when the barometer is 30-3 inches. 
In another case the vacuum is 27'8 inches when the barometer is 29*0 inches. 
Correct these vacuum readings to the standard barometer of 30 inches. 
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2. The vacuum at the steam inlet to a condenser was found to be 28*2 
inchas (barometer 30 inches) and the bot-well temperature was 32° C. The steam 
pressure corresponding to 32° C. is 0 688 lb. per square inch. Find the vacuum 
efficiency in the above case. 

3. The following data were obtained from a test of a surface condenser: 
Inlet temperature of circulating water, 12° C. Outlet temperature, 33° 0. 
Vacuum, 27*83 inches (barometer, 80 inches). Compute the efficiency of the 
condenser. 

4 . Exhaust steam having a dryness fraction of 0 0 enters a surface condenser 
at an absolute pressure of 2 lb. per sq. in. and is condensed to water at 35° C. 
(OS’ F.). The circulating water enters at 20° C. (68° F.) and leaves at 30° C. 
(86° F.). Compute tho weight of circulating water required per lb. of steam. 

5. Taking the data of the preceding exercise, except that the final temperature 

of the cooling water is to be taken so as to apply to a jet condenser, compute the 
weight of injection water required per lb. of steam. _ 

6. The following particulars relate to a test of the surface condenser of a 
steam turbine. — Absolute pressure of tho steam entering the condenser, 1 lb. per 
sq. in. Temperature of condensed steam 30*5° C. Temperature of circulating 
water, at inlet, 10*2° C., at outlet, 25*7° C. Weight of cooling water per lb. of 
stoam, 30*1 lb. Assuming that all the heat lost by tho steam is taken up by the 
circulating water, determine the dryness fraction of tho steam as it enters the 
condenser. 

7. Tho vacuum in a condenser is 27*3 inches (barometer 30 inches), and 
the temperature of the steam is 30° C. What is the partial pressure of the air 
present ? If the not volume of the steam space is 400 cubic feet, what is the 
weight cf air in the condenser ? 

8. Tho air leakage into a surface condenser and its connections amounts to 
4 lb. per 10,000 lb. of steam used. The steam consumption is 28,8u0 lb per hour. 
The vacuum in the air pump suction is 28*1 inches (barometer 30 inches), and 
the temperature is 35° C. Compute the capacity of the air pump, which removes 
both the air and the condensed steam, in cubic feet per minute, taking the 
volumetric efficiency as 80 per cent. 

9. A jet condenser has to condense 8,400 lb. of steam per hour. The volume 
of injection water used is 10,200 cubic feet per hour and its initial temperature 
is 25 lJ C. The volume of air, at atmospheric pressure, dissolved in the injection 
water is 5 per cent, of the volume of the water, and the air which comes in with 
the steam and leaks into the condenser amounts to 1 lb. per 2000 lb. of steam. 
The vacuum in tho air pump suction is 26*5 inches (barometer 30 inches), and 
tho temperature of the coudonsato is 35° C. 

Determine the suction capacity of the air pump, in cubic feet per minute, to 
remove the air and water from the condenser. Tako the volumetric efficiency of 
tho air pump as 80 per cent, and tho weight of 1 cubic foot of air at 0° C. and 
atmospheric pressure, 14*7 lb. per sq. in., as 0*0807 lb. 

10 . The temperature of tho steam entering a surface condenser is 50° C., and 

the tomperature of the air pump suction is 45° C. Tho barometer reading is 
29*8 inches of mercury. Find (3) the condenser vacuum, (2) the vapour pressure 
and tho air pressure near to the air pump suction. If the effective capacity of 
the air pump, on the suction stroke, is 300 cubic feet per minute, find the weight 
of air entering the condenser per minute, and the weight of steam carried over 
per minute in the air discharged from tho air pump. Assume that for air 
PV = 96.T. rU.Lj 

11. Tho air pump for tho removal of the air and condensed stoam from a 
surface condenser is single acting &Dd has a diameter of 16 inches and a stroke of 
24 inches. The pump makes 60 double strokes per minute. The weight of tho 
stoam condensed per minute is 146 lb. The absolute pressure in the air pump 
suotion is 0*85 lb. per sq. in. and tho temperature is 32° 0. The vapour pressure 
corresponding to 32° C. is 0*688 lb. per sq. in. Taking the volumetric efficiency 
of tho air pump as 0*76, compute tho weight of air passing through the air pump 
per 10,000 lb. of steam condensed. 

12. Assuming a condenser tomporaturo of 26° C. (77° F.), find the relative 
capacities of a dry nir pump necessary for vacua of 26 inches, 27 inchos, and 23 
inches (barometer 30 inches). 



CHAPTER XXII 

INTERNAL COMBUSTION ENGINES 

• 347. Distinctive Features of Internal Combustion Engines.— The 
most prominent feature of an internal combustion engine which dis- 
tinguishes it from other heat engines is that the heat, part of which is 
to be converted into work in the engine, is generated within the 
cylinder of the engine. The heat necessary for a steam engine is 
generated in the furnace of the boiler, and tins heat, or part of it, is 
carried to the engine in the steam which it uses. In the internal com- 
bustion engine the combustion of the fuel takes place in the cylinder 
and the products of combustion and usually a considerable amount of 
excess air not required for the combustion of the fuel take the piece of 
the steam in a steam engine. 

As a consequence of ihe combustion taking place in the cylinder of 
an internal combustion engine, very high temperatures are produced in 
that cylinder, and to prevent injury to the metal of the cylinder and 
valves, and to permit of the lubrication of the cylinder, it is necessary 
to abstract some of the heat from the cylinder, and in the case of large 
cylinders, from the piston and valves also. This cooling of the cylinder 
may be effected by the surrounding air in the case of a motor bicycle 
or an aeroplane engine, otherwise cooling by water made to circulate 
through jackets surrounding the cylinder barrel and the cylinder head 
which contains the valves, is the method adopted. Water cooling is 
the only method used for large valves. Large pistons are generally 
water cooled, but oil is sometimes used for this purpose, any leakage at 
the joints is then a leakage of oil and lubrication is more perfect. 

Whereas reciprocating steam engines are nearly always double 
acting, internal combustion engines are most commonly single acting. 
This is due to the difficulties introduced by the use of stuffing-boxes for 
the piston rods in internal combustion engines, and to the complication 
involved in locating the valves in the front end of the cylinder. All 
double acting internal combustion engines are of large size. 

As would be expected, the thermal efficiency of internal combustion 
engines is much higher than that of steam engines ; in fact, as an in- 
strument for converting heat into work the most efficient internal 
combustion engine is more than twice as efficient as the most efficient 
steam plant. 

348. Cycles of Operation. — The operations which are performed in 
an internal combustion engine are : (T ) Taking in a charge of air for 
the combustion of the fuel, or (la) taking in a charge of air mixed with 
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gas or fuel vapour. (2) Compression of the charge. (2 a) Injection 
of the charge of fuel when the charge before compression consists of air 
only. (3) Ignition of the compressed charge of air and fuel. (4) Com- 
bustion of the fuel at approximately constant volume, or at approxi- 
mately constant pressure, or at varying volume and pressure. (5) Ex- 
pansion of the high pressure products of combustion and heated excess 
air. (6) Exhausting the spent charge. 

These various operations arc generally performed either during four 
strokes, or during two strokes of the piston. 

The operations and the number of strokes required for tlie per- 
formance of a complete series of them give rise to various cycles of 
operation the most common of which arc explained in succeeding 
Articles. 

349. Otto Pour-Stroke Cycle.— The most common cycle of opera- 
tions in all classes of internal combustion engines is the four-stroke 


ft C ' 



Pig. 580 Fig. 581. 


cycle. The following description refers to the four-stroke cycle as 
applied to a gas or petrol engine or any internal combustion engine in 
which the air for combustion and the fuel in the form of gas or«vapour 
are taken into the cylinder together. The working cylinder is shown 
diagrammatically in Figs. 578 to 581. A is the admission valve, E 
the exhaust valve, aud P the piston. In the case of ga s engines there 
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is also a gas valve opening into the passage leading to the admission 
valve A which may also be called the air valve. 

Besides the ignition of the charge there are four distinct operations 
each of which takes up one stroke, more or less. 

(1) Suction stroke. (Fig. 578). — The exhaust valve is closed, the 
admission valve is open, the pistou is moving outwards, and the charge 
is taken in. This operation is represented by the line ea on the 
indicator diagram. 

(2) Compression stroke. (Fig. 579). — Both valves are closed, the 
piston is moving inwards aud the charge is compressed. This opera- 
tion is represented by the line ah on the indicator diagram. 

At or very near the end of this stroke the charge is ignited by 
electric spark, combustion takes place, and the pressure rises as shown 
by the line be on the indicator diagram. 

(3) Working stroke. (Fig. 580). — Both valves are closed, and the 
exploded charge expands driving the piston outwards. This operation 
is represented by the line cd on the indicator diagram. 

The exhaust valve opens before the end of this stroke and the 
exhaust begins. 

(4) Exhaust stroke. (Fig. 581). — The admission valve is closed, 
the exhaust valve is open, and the piston is moving inwards and the 
contents of the cylinder 
are driven out through 
the exhaust passage. This 
operation is represented 
by the line de on the indi- 
cator diagram. 

The cycle of operations 
is also shown by the dia- 
gram in Fig. 582, called 
the valve setting diagram. 

This diagram shows the 
angular positions of the 
engine crank when the 
various operations begin 
and qnd. Usually this 
diagram is drawn round 
one centre, but by using 
two Centres, as shown, the 
sequence of the different 
operations is better indicated. 

350. Diesel Four-Stroke Cycle. -An engine working on the Diesel 
four-stroke cycle has, for normal working, three valves, the air 
admission valve, the fuel valve, and the exhaust valve. 

As in the Otto four-stroke cycle, there are foti'r distinct operations 
in the Diesel four-stroke cycle. The operations are as follows. — 

(1) Suction stroke. — The exhaust and fuel valves tyre closed, the air 
valve i% open, and the piston is moving outwards. A charge of air is 
taken in at nearly atmospheric pressure. This is represented by the 
line ea on the theoretical indicator diagram, Fig. 583, 

(2) Compression stroke . — All the valves are closed, and the piston 



1 1 >C, inner dead ceutre. 01 X\ outer dead centre. 

A VO, air valve opens. OVO, gat* valve opens. 

A VC, air valve closes. GVC, gas valve cIobcs. 

EVO, exhaust valve opens. IGN, Ignition. 

EVC, exhaust valve closes. 

Fig. 582. 
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is moving inwards. The air taken in during the suction stroke is 
compressed to a high pressure (about 500 lb. per square inch). This 
is represented by the line ab in Fig. 583. . 

(3) Working stroke . — The air and exhaust valves are closed, the 
fuel valve is opened just before the beginning of the stroke and 
remains open during a small part of the stroke. The heat produced 
by the high compression raises the temperature of the air sufficiently 
to ignite the fuel as soon as it is injected into the cylinder, aud com- 
bustion goes on at least as long as the fuel valve is open. Theoretically 
the combustion takes place at constant pressure and is represented by 
the line be in Fig. 583. The products of combustion and the heated 
excess air now expand as shown by the line cd in Fig. 583. Towards 


inc, inner dead 
centre. 

Oi)C, outer dead 
centre. 

A \ 0, air valve 
open*. , 

A VC, air valvtf 
closes. 

FVO, fuel valve 
opens. 

Y\ C, fuel \al\e 
closes. 

KVO. exhaust valve 
opei.s. 

K\ C, exhaust valve 
closes. 



^9 A NS/O/ty 
4- AVQ * a V<A~ T ( 


-ODC 


Fig. 583. 


■Q 

Fig. 584, 


jj 


the end of the stroke the exhaust valve opens and the contents of the 
cylinder begin to leave it. 

(4) Exhaust stroke . — The air and fuel valves aro closed, the exhaust 
valve is open, the piston moves inwards, and the remainder of the 
spent charge escapes. 

The cycle is further illustrated by the valve setting diagram 
Fig. 584. 

351. Two-Stroke Cycle. — In the two stroke cycle the operations of 
suction, compression, expansion, and exhaust take place in the 
engine cylinder during two strokes of the piston. Hence, in the two- 
stroke cycle there is a working stroke for one revolution of the*crank 
shaft instead of a working stroke for two revolutions in the four-stroke 
cycle. 

The two-stroke cycle engine requires the addition of a pump to 
force the charge of air and gas, or air only in the case of a two-stroke 
cycle oil engine, into the cylinder. In the later forms of two-'stroke 
cycle gas engines two pumps are used, one for air and the other for gas. 

( In practically all two-stroke cycle engines the exhaust takes place 
through ports in the cylinder, which are uncovered by the piston 
towards the end of the out-stroke. 

The operation of the two-stroke cycle engine will be understood by 
reference to Fig. 585, which shows the working cylinder diagram- 
matically. A is the admission valve, E the exhaust ports, and* P the 
piston. The exhaust ports lead into a hollow belt passing round the 
cylinder. 
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It will be simplest to describe the cycle beginning at the point 
where the piston is just about to uncover the exhaust ports during the 
out-stroke. When the piston is in this position the space behind it 
contains the expanded charge at a pressure indicated by the point a on 
the indicator diagram. During the completion of its out-stroke the 
piston uncovers the exhaust ports and the expanded charge escapes. 
In the case of the two-stroke cycle gas engine the admission valve 
opens when the piston has reached the end of its 'out-stroke, the 
pressure in the cylinder being then indicated by the point b , and the 
fresh charge enters at a gauge pressure of about 5 lb. per square inch. 
When there are separate pumps for air and gas, air enters first 
followed by gas and more air. In the case of the two-stroke cycle oil 
engine the admission valve opens at as soon as the piston begins to un- 
cover the exhaust ports. In this case, of course, only air is admitted. 

During the in-stroke, compression of the charge of air and gas, or 
of air alone in the case of the oil engine, begins at r, as soon as the 
exhaust ports are covered by 
the piston. Compression goes 
on to the end of the in-stroke 
as shown by the compression 
curve cfl. The charge of gas 
and air is then ignited and the 
pressure rises from d to e. 

During the following out- 
stroke expansion takes place 
as shown by ea. The compres- 
sion, ignition and combustion, 
and expansion parts of the cycle 
in the two-stroke cycle gas 
engine are evidently the same 
as in the four-stroke cycle Fio. 586. 

engine. This is also true for the oil engine. 

There is of course a danger of some of the charge escaping through 
the exhaust ports while the admission valve is open, but this danger is 
reduced when there are separate pumps for air and gas, because then 
it can be arranged that the air precedes the gas and any loss through 
the exhaust ports is more likely to bo a loss of air only, but this 
escaping air has a scavenging effect, which is advantageous. 

In the two-stroke cycle oil engine the air pump for the main air 
supply is generally*saj^ed the scavenging ^ump. 

352. Indicated Horse-Power of Internal Combustion Engines. — The 
maximum pressure in the cylinder of an internal combustion engine 
being very high a very stiff spring is necessary in the indicator when 
taking a diagram of the complete cycle, and this stiff spring is not in 
general sensitive enough to show the negative loop of the diagram, 
which represents *he negative work during the pumping strokes. This 
loop is therefore ignored in finding the mean height of the diagram 
or the mean effective pressure on the piston. Even in cases where the 
negative loop is measurable it is usual to take tbe mean effective pressure 
from the positive loop only, the work represented by the negative loop 
being charged to the friction of the enginfe. 
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Let : d = diameter of piston in inches. 

I = length of stroke in inches. 
p = mean effective pressure, in lb. per square inch. 
n = number of working cycles per minute. 

N = number of revolutions of crank shaft per minute. 

Then, I.H.P. = ~ X d 2 x p X X n -f- 33,000 for each single 

acting piston. For a double acting piston the work done on the other 
side of the piston must be added, allowance being made for the area 
of the piston rod, and if the piston rod goes through both ends of the 
cylinder allowance for its area must be made on both sides of the 
piston. 

If every cycle is a working cycle, then for a four-stroke cycle 

N * 

n = - - , and for a two-stroke cycle n = N. 


From the expression for the I.H.P., by transposition, the mean 


effective pressure i M , = iX-ll***! 000 * 
r 1 7T X d2 X l X n 


I.H.P. 


If for the indicated horse power T.H. P. in the foregoing expression 
the brake horse-power bo substituted, then p becomes the brake mean 
effective pressure, a quantity which it is convenient to kno>\ in cases 
where it is not easy to get accurate indicator diagrams, as in very high 
speed engines. 

It is evident that the brake mean effective pressure is equal to the 
indicated mean effective pressure multiplied by the mechanical 
efficiency of the engine. 

353. Ignition. — In internal combustion engines in which the fuel 
gas or vapour is compressed along with the air for its combustion, the 
combustion may be started by raising the temperature of the whole 
charge sufficiently by compression and contact with the hot surface of 
the combustion chamber, but this method is open to the objection that 
the point of the cycle at which combustion begins is very uncertain. 
When, however, the air only is compressed in the cylinder, and 
the fuel is injected into it at the end of the compression stroke, 
this method is very satisfactory and is now largely used in oil 


engines. 

Jn all other cases only a very small part of the mixture of fuel 
and air is heated and combustion started. This is now done in nearly 
all new engines by electric spark. It is worthy s of fcote that in the 
earliest gas engines the electric spark was used for igniting the charge^ 
but this was superseded by flame ignition, which was in turn replaced 
by the hot-tube. The hot-tube was closed at one end and was of 
metal or porcelain, and was kept red-hot by an external Bunsen 
burner. The interior of the hot-tube commnicated through a timing 
valve alternately with the cylinder, when ignition took place, and 
with the atmosphere, when the compressed products of combustion 
expanded and escaped. 

Electric ignition is performed either by low-tension or by high- 
tension currents carried to one or more sparking plugs in the 
combustion space of the cylinder. These currents are generally 
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obtained by means of a small magneto-electric machine, called a 
magnetOy operated by the engine. 

In high-tension coil ignition a low-tension current from batteries, or 
accumulator cells or from a magneto is fed to an induction coil, 
which produces a high-tension current which is carried to the sparking 
plug. In the Lodge high-tension coil ignition system the electric 
current from the induction coil, on its way to the sparking plug, is 
used to charge the inner coatings of two Leyden jars by means of 
which a very effective spark is obtained, which is not hindered by 
deposits of oil, soot, etc., on the sparking plug. 

354. Governing. — The function of a governor in any heat engine is 
to regulate the supply of heat energy according to the load on the 
engine. In all cases the governor itself requires some change of speed 
before it can act, but the variation in the speed of an engine does not 
depend only on the sensitiveness of the governor, but also on the way 
in which the supply of energy to the engine is effected under the action 
of the governor. The actual governor may be practically the same in 
all heat engines, although the way in which the energy supply is 
regulated may be very different in different engines. The subject of 
governors has been treated fairly fully in Chapter XVII., and in this 
article only the methods adopted for regulating, under the control of 
the governor, the power developed in the cylinder of an internal 
combustion engine will be considered. 

The methods of governing internal combustion engines are : 
(1) Completely cutting off the fuel supply for one or more cycles. 
This is called the hit-and-miss method. (2) Varying the supply of fuel 
to the cylinder. This is called the quality method, because the ratio 
of air to fuel or the quality of the mixture is altered. (3) Varying 
the supply of air as well as the supply of fuel, the ratio of air to fuel 
being kept approximately constant so that the quality of the mixture 
remains approximately the same. This is called the quantity method. 
(4) A combination of the quality and quanity methods. 

Hit-and-miss method . — The mechanism for applying this method 
to an oil engine is illustrated in Fig. 600, p. 501, and described 
on p. 502. As applied to a gas engine the mechanism is the same, 
but it is the gas valve instead of the plunger of the fuel-oil pump 
which is operated or put out of action. This method is not used 
on large engines, and on the smaller engines it is not now so 
. common as it has been, notwithstanding that it has several important 
advantages. 

The advantages of the method are as follows : The mixture, once 
it is adjusted to give the best result, remains practically constant, and 
in every working cycle the indicator diagram is practically the same, 
and therefore the same amount of work is obtained from the fuel used 
The governor, having practically no resistance to overcome, may be ot 
a very light and simple form. Also, the whole mechanism is extremely 
simple and little liable to get out of order. 

The great disadvantage of the method, especially for large engines, 
is the absence of all turning effort on the crank shaft during the idle 
cycles, necessitating a very heavy fly-wheel to keep the fluctuation of 
speed within reasonable limits. Increasing the weight of the fly-wheel 
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increases the friction of the main bearings, and therefore diminishes 
the mechanical efficiency of the engine. 

Quality method . — As applied to gas engines quality governing is 
effected by varying the lift of . the gas valve, or the time during which 
it is open, or by varying both lift and time. Another and a simple 
way is to have a throttle valve in the gas passage leading to the 
admission valve and operated by the governor. 

As applied to oil engines the suction valve of the fuel-oil pump 
may be kept open by the governor during part of the delivery stroke, 
the oil being then returned to the supply chamber until the governor 
closes the suction valve, after which, fbr the remainder of the stroke, 
the oil is discharged through the delivery valve. This is the general 
practice in Diesel engines. Another practice is to vary the stroke of 
the fuel-oil pump. In another design there is, a control valve on the 
delivery side of the pump which opens under the control of the 
governor after a part of the stroke of the plunger has been performed, 
and the oil delivered during the remainder of the stroke returns to the 
suction side. * 

In quality governing, there being no restriction as to the amount 
of air admitted, the same weight of charge is taken into the cylinder 
during each suction stroke ; hence the pressure reached during com- 
pression is always the same, but with a diminished fuel supply the 
maximum pressure reached in explosion engines is lowered. Theoreti- 
cally the thermal efficiency is, however, unchanged, being dependent 
on the compression ratio only (see Art. 370, p. 515). At light loads, 
say less than half-load, with this method of governing the efficiency 
generally drops because of the difficulty of obtaining prompt com- 
bustion with weak mixtures. • • 

Tn two-stroke cycle engines quality governing is always adopted, as 
it is important in these engines that the cylinder should be fully 
charged in order to get rid of the spent charge of the previous cycle. 

Quantity method . — This method is not used in oil engines other than 
petrol engines. It is applied to petrol engines by having, a throttle 
valve in the pipe leading from the carburettor to the cylinder. It is 
applied to gas engines in various ways. The gas and air supplies may 
each be throttled by separate valves in the gas and air passages 
leading to the admission valve or, after passing through a mixing valve, 
the air and gashtogether may be throttled by a single valve just before 
reaching the admission valve. Another method is to regulate the lift 
of the admission valve. An example of this method of governing is 
illustrated in Fig. 586, p. 486, and described on p. 485. 

Tn quantity governing the weight of the charge varies, consequently 
the final compression pressure must vary with the load. This means 
a diminished thermal efficiency as the load is reduced, but the constant 
ratio of air to gas in the quantity method favours more efficient 
combustion at light' loads than is the case with the quality method. 
The result is that at light loads quantity governing is more economical 
than quality governing. 

Combination method . — Where close regulation of speed is required 
combined with economy of gas, a combination of the quality and 
quantity methods is generally used: As would be expected, this 
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requires a more complicated valve gear than is necessary for either 
method by itself. In combination governing the quality method is 
used for loads in the neighbourhood of the normal load and the 
quantity method for the lighter loads. ‘ • 

355. Fuels for Internal Combustion Engines.— The fuel supplied 
to an internal combustion engine is either gaseous or liquid. Except 
in the case of natural gas, which is available in certain parts of the 
world, a gaseous fuel is generated either at a central station or in a 
gas producer specially set up for supplying one or more engines. The 
central station plant may be one for producing what is called town gas , 
which is used for lighting, heating, and power purposes. The central 
station plant may, however, be one for supplying gas for heating or 
power purposes and not for lighting. 

The usual combustible constituents of gaseous fuels are, hydro- 
carbons (chiefly or almost entirely methane, CH 4 ), hydrogen (H 2 ), and 
carbon monoxide (CO). The other constituents are, carbon dioxide 
(CO*), • and nitrogen (N 2 ), and a usually negligible quantity of 
oxygen (0 2 ). 

The calorific value of a. gaseous fuel may be determined by burning 
it in a calorimeter, or it may be calculated from an analysis of the gas. 
Analyses of gaseous fuels are always by volume, and the various data 
refer to a cubic foot of the gas at standard pressure and temperature 
(14*7 lb. per square inch, and 0° C.). 

The calorific values of the combustible constituents of gaseous fuels 
per lb. will bo found on p. 105, and their specific densities and specific 
volumes are given on p. 571. 

The following table, computed from the data just referred to, will be 
found useful in calculating the calorific values of gaseous fuels. 

Calorific Values of the Combustible Constituents of Gaseous Fuels per 
cubic foot at 0° C. and 14*7 lb. per sq. inch. 


Hydrogen (H a ). mouoxide Meihaue (Clf 4 ). Ethylene (C 8 H 4 ). 

O.H.U. j li.Tb.t3. C.H.U. B.Th.U. C H.U. | B.T11.U. C.H.U. j B.Tb.U. 

Higher 193 348 190 342 598 1076 968 1743 

Lower 16(5 299 190 342 543 978 913 1644 

In all internal combustion engine calculations involving the 
calorific value of the fuel the lower calorific value is nearly always 
taken. 

Particulars relating to the principal classes of gaseous fuels are 
given in the following table. It must be understood, however, that 
the compositions are subject to variations due to variations in the fuel 
from which the gas is produced, and to variations in the working of 
the plant. All the data below the given compositions have been found 
by calculation. 
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Particular s relating to Gaseous Fuels . 



Hydrocarbons tC a H 4l etc.) 
Methano (CII 4 ) . . . 

Hydrogen (H 2 ) .... 
Carbon monoxide (CO) 
Carbon dioxide (CO*) . 
Nitrogen (N 2 ) .... 

Weight of 1 cubic foot . lb. 
Volume of 1 lb. . cu. ft. 

Calorific j Higher {if™ XL 

VaI u 0 It < C.ll'u.' 

per lb. ) Lower j UThU 

Calorific j Higher j 
valuo | f C H U 

percu.ft.) Lower < R Th U 

Weight of air for combus- 
tion of 1 lb of gas . lb. 
Vol. of air for combustion 
of 1 cu. ft. of gas cu. ft. 




Pressure ! 

Suction 


Town 

g*s. 

| Coke-oven 

producer 1 
gas from 1 

producer 
gas from 

Blast- 

furnace 

gftH 

1 

bitumin- | 
ous coal. 

autbracite 

coal. 

gas. 


Composition , by volume , per cent . 

4 

1 2 






37 

! 30 

2 i 

; l 



49 

! 52 

! 27 ; 

15 

3 

4 

j 7 | 

1 12 1 

1 21 

27 

1 

i 2 i 

i 15 . 

i 8 

9 

5 

; 7 

44 

55 

Gl 

0*0308 

| 0*0313 

; 0*0647 

0 0705 

j 0-0800 

32 47 

1 31-95 

I 

: 15-40 

1 

14-18 . 

12-50 

11,761 

! 9,993 

! 1348 : 

i 1063 

715 

21,170 

i 17,988 

! 2427 

i 1914 

! 1287 

10,607 

, 8,982 

1211 

993 

701 

19,092 

16,167 

2180 

1787 

1262 

362 

i 813 

87-2 

75 

57-2 

652 

i 5(53 

1 157 

135 

| 103 

327 

I 281 

78 3 

70 

! 56*1 

588 

506 

1 141 

126 

; 101 

14 25 

11*88 

1 1-41 

1-10 

| 0-73 

o 

CO 

i 4*55 

1 12 

0*95 

I 0 71 


All volumes are taken at 0° C. and 1-1*7 lb. per sq. iD 


Density and Calorijic Values of Liquid Fuels . 





Lower calorific valued 








Types of 


Specific 

per pound. 

per gallon. 

engines 

Fuel. 

liravlty 





in which 





• 


commonly 



l\ H U. 

B.TIi.U. 

CH.U. 

BTti.U. 

used 
(p. 4*4 ). 

Heavy crude petroleum 

0-94 

10,600 

19,080 

99,640 

179,352 

I. 

Light „ ii 

0-82 

10,900 

19,620 

89,380 

160,884 

I. 

Russian ostatki 

0-93 

10,100 

18,180 

93,930 

169,074 

I. & II. 

American residuum 

0*89 

10,200 

18,360 

90,780 

163,404 

I. & 11. 

Average heavy fuel oil 

0-89 

10,000 

18,000 

89,000 

160,200 

I. & II. 

Shale oil .... 

0*87 

9,500 

17,100 

82,650 

148,770 

I. & 11. 

Coal tar oil . . . . 

1 05 

9,000 

16,200 

94,500 

170,100 

I. 

Paraffin oil or kerosene . 

0-81 

10,200 

18,360 

82,620 

148,716 

III. & IV. 


0-69 

10,650 

19,170 

73,185 

132,273 

V. 1 

Petrol or gasolene . j 

0-70 

10,150 

18,270 

77,140 

138,852 

V. 

Alcohol (moth, spirit) 

0-83 

5,500 

9,900 

45,650 

82,170 

V. 

Benftene .... 

0-88 

9,500 

17,100 

83,600 

150,480 

V. 
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The crude petroleum, that is, the petroleum as it comes from the 
wells, is not used so much for internal combustion engines as the 
residues obtained after distilling off the petrol or gasolene and 
the paraffin oil or kerosene from the crude oil. Russian ostatki and 
American residuum are such residues. 

Where fuel oil or spirit is sold by the gallon or where fuel storage 
space is limited, the calorific value per gallon may be more important 
than the calorific value per lb. 

With reference to the use of alcohol in place of petrol it should bo 
noted that, although the calorific value of the former is much lower 
than that of the latter, a very much higher compression is permissible 
with alcohol, without premature ignition, which largely compensates 
for its lower calorific value. 

356. Types of Oil Engines.— In the following approximate 
classification the engines may work either on the four-stroke cycle or 
on the two- stroke cycle. 

I. Diesel engines . — Air only compressed. Temperature due to 
compression sufficient to ignite the oil fuel, which is injected and 
sprayed into the cylinder by high-pressure air at the end of the 
compression stroke. 

II. Semi-Diesel engines . — Air only compressed, but compression is 
lower than in Diesel engines and the temperature due to compression 
is not sufficient to ignite the oil fuel. The fuel is injected (generally, 
but not always, without the aid of high-pressure air) into a vaporizer 
on the cylinder head. Part of the vaporizer, called the hot-bulb , is 
un jacketed and its temperature, raised before starting by a blow- lamp, 
is afterwards maintained by the heat of combustion of the fuel. 
The mixture of air and fuel vapour is ignited by the hot-bulb. The 
combustion takes place mainly at constant volume, but partly as in the 
Diesel engine. 

III. Explosion engines , in which the oil fuel is vaporized by heat in 
a vaporizer before entering the cylinder, and this vapour is drawn in 
and mixed with air during the suction stroke as in a gas engine. The 
vajiorizer is heated before starting by a blow-lamp, and its temporature 
is afterwards maintained by the heat of combustion of the fuel. The 
mixture of air and fuel vapour is compressed and then ignited by a hot- 
bulb or its equivalent a hot-tubo, the hot-bulb or hot-tube being kept 
hot by the combustion of the fuel. 

IV. Explosion engines , in which the vaporizer is heated by the 
exhaust gases or hot water from the cylinder jacket flowing through a 
jacket surrounding the vaporizer. Combustion does not take place in 
the vaporizer. After passing through the vaporizer the fuel enters the 
cylinder and mixes with the air during the suction stroke. The 
mixture of air and fuel vapour is compressed and then ignited by electric 
spark as in a gas engine. 

V. Explosion engines using unheated vaporizers or carburettors . The 
mixture of air and fuel vapour is compressed and then ignited by 
electric spark as in a gas engine. 

357. Limiting Compression Pressure— Premature Ignition.— 

Where the air and fuel gas or fuel vapour are compressed together in 
the engine cylinder if the compression pressure is too high the resulting 
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temperature is sufficient to ignite the charge before the ciul of the 
compression stroke. This must of course he avoided by limiting the 
final compression pressure, according to the kind of fuel used, approxi- 
mately as follows, the pressures being in lb. per square inch : Petrol, 80. 
Alcohol, 200. Town gas, 130. Producer gas, 170. Blast furnace gas, 
220. Heavy fuel oil, 270. 

Where the air* is compressed separately, as in Diesel and semi- 
Diesel engines, there is of coursfe no limit to the compression pressure 
so far as clanger from premature ignition is concerned. 

The safe compression pressure is generally higher the lower the 
percentage of hydrogen in the fuel. 

With a given fuel the safe compression pressure may be raised by 
the injection of a small quantity of water into the cylinder or into the 
vaporizer during the suction stroke. 

368. Crossley Gas Engine. — The characteristic features of the 
Crossloy gas engine for medium powers are well shown in Figs. 586 
and 587, prepared from drawings kindly supplied by Messrs. Crossley 
Bros., Manchester. The particular engine illustrated has a single 
horizontal cylinder 17 inches in diameter and a piston stroke of 
2G inches. Running on producer gas made from anthracite, bituminous 
coal, or wood fuel, the normal load is 85 B H.P. and the maximum 
load 95 B.H.P. at 190 revolutions per minute. When running on gas 
made from coke the power is 6 per cent. less. 

Referring to the illustrations (Figs. 586 and 587 * the first notice- 
able feature is the admission valve, which consists of two single beat 
valves 1 and 2, for mixture and gas respectively. These two valves 
are mounted on the same spindle 3 upon which is clamped the sleeve A. 
When the admission valve is open, as shown in Fig. 586, the upper 
part of the gas valve is in contact with the bottom of the sleeve 4. 
When the spindle 3 is lifted the gas valve 2 comes to its seat just 
before the mixture valve 1 closes, and during tho completion of the lift 
the spindle slides through the part 2 against the resistance of an 
internal spring shown in the enlarged detail section at (A) in 
Fig. 587. 

The valves 1 and 2 are operated as follows. A lever 5 is jointed at 
one end to the spindle 3 by tho pin 6 and at the other end to the rod 7 
by the pin 8. The lower end of the rod 7 is jointed to the short 
swinging piece 9 which carries the roller 10 which is in contact with 
the admission cam 11 on the half-spefed cam shaft. The spindle 3 is 
pushed upwards by the spring 12 and the lever 5 is pressed against tho 
lower end of the movable fulcrum lever 13 which forms the fulcrum of 
the lever 5. Tho distance the spindle 3 is lowered under the action 
of the cam 11 will evidently depend on the position of the fulcrum 13 
of the lever 5 and this is decided by the governor through the 
mechanism shown and which will be readily understood without 
further description. 

It will be soen that the governing is by the quantity method. The 
ratio of air to gas remains practically constaut, but the amount of the 
charge admitted is regulated as just described by varying the opening 
of the compound admission valve. The governing mechanism is 
extremely simple and has proved very effective. The effect of the 
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governor on the form of the indicator diagram at. different loads is 
shown in Figs. 588 and 589. 

The engine is designed to run with a speed variation, from full load 
to no load, of 1*5 to 2 per cent, above or below the mean speed. By 



Pig. 586. — Crossley gas engine. Gross section. 


means of the adjustable spring 14, which forms a supplementary load 
on the governor, the speed of the engine may be varied slightly while 
running. 

The gas supply is regulated by hand or shut off altogether by means 
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of the acrewdown valve 15, and the air supply is regulated by a throttle 
valve in the air passage operated by the hand lever 16. 

The exhaust valve 17 is loaded by the spring 18 and is operated 



Fig. 587. — Grossley gas engine. Longitudinal section. 


by the exhaust cam 19 through the bent level* 20 as shown. Tt will 
be seen that the part of the exhaust pipe adjacent to the engine is 
water jacketed. Tho cooling water system is clearly shown in the 
illustrations* * 
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The cylinder liner 21 is clamped between the cylinder head and 
the main casting which forms the frame of the engine. At the outer 
end the liner passes from the cylinder jacket by a bored and turned 
joint in which there are two grooves containing rubber rings to prevent 
water leakage and allow free longitudinal expansion of the liner. 



Fig. 588 . Fig. 589 . 


Ignition of the charge is by electric spark produced by a low-tension 
magneto not shown in the illustrations. The sparking plug is shown 
at 22 in Fig. 586. 

The engine is started by compressed air through the starting valve 
23 or by a hand pump and petrol cup starter. 

359. Korting Two-Stroke Cycle Gas Engine.— A design of gas 
engine which has been extensively used for large powers is that due to 
Korting Brothers of Hanover. The chief features of this design are 
as follows. The engine is double acting and has an inlet valve at each 
end of the cylinder for admitting air and gas, and there are exhaust 
ports round the centre of the cylinder which are covered and uncovered 
by the piston. The air and gas are pumped into the cylinder but 
they do not mix until they reach the inlet vaive, there being separate 
pumps for air and gas. Moreover, a charge of air alone enters the 
cylinder through the inlet valve for the purpose of scavenging and this 
is followed by a charge of air and gas which mix together at the inlet 
valve. The engine works on the two-stroke cycle, and being double 
acting, there are two working strokes for each revolution of the crank 
shaft as in a double-acting steam engine. 

The earlier form of this Korting engine is shown diagrammatically 
in Fig. 590. The inlet valves V are opened by cams and levers arid 
are closed by springs. The exhaust ports E are shown just covered by 
the piston. The air and gas pumps are double acting and are provided 
with piston valves 1\ each piston valve acting as a suction valve and 
also as a delivery valve. The pistons of the charging pumps are on 
the same rod and are worked from a crank on the engine crank shaft, 
the crank which actuates the pumps being set at about 110° in advance 
of the main crank. 

Considering what takes place in one half of the cylinder, the action 
of the engine is as follows. When the exhaust ports E’are uncovered 
the spent charge escapes and the pressure in the cylinder falls to near 
that of the atmosphere. Previous to this the passages leading from the 
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pumps to the inlet valve have been charged, but since the gas delivery 
valve opens later than the air delivery valve the compressed air behind 
the inlet valve has forced the gas back some distance in the gas‘‘ 
passage and when the inlet valve V opens this compressed air rushes 
into the cylinder and expels the remaining spent charge through the 
exhaust ports. A little later the delivery valve of the gas pump opens 
and the gas enters the cylinder together with tho continued supply of 
air from the air pump until the inlet valve closes. After the inlet 
valve is closed and the exhaust ports are covered by the piston, com- 
pression of tho charge begins and is continued to the end of the stroke. 
Just before the end of the compression stroke the charge is ignited. 
The next stroke is the working stroke, towards the end of which the 
exhaust ports are again uncovered. 

Fig. 590 shows one arrangement for governing the engine. There 



Fig. 590.— Korting double acting two-stroke cycle gas engine. 


are by-pass or throttle valves T in passages between the delivery and 
suction passages of the gas pump. These valves are controlled by the 
governor. The opening of valves T, more or less, causes the pump to 
draw gas, during the suction stroke, from the delivery passage leading 
to the cylinder and its place is taken by air at the inlet valve end of 
that passage. ' This action continues for a portion of the delivery stroke 
of the gas pump. When the inlet valve opens the charge to the 
cylinder will therefore contain more than the normal quantity of air 
and the strength of the mixture will depend on the amount the throttle 
valves T are open. 

The Korting engine is now made by a considerable number of 
firms and modifications and improvements in its design have been 
made by them. 

A longitudinal section of the form of piston used in large gas 
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engines of the Korting type is shown in Fig. 591. This piston it will 
be seen is water cooled. 

360. Oechelhauser Gas 
Engine. — Another design 
of gas engine suitable for 
large powers is shown 
diagram matically in Fig. 

592. This is the Oechel- 
hauser engine, named 
after its inventor. It 
is a very simple form of 
engine and works on the two-stroke cycle. 

The cylinder is open at both ends and it contains two pistons FP 
and BP, which reciprocate, always moving in opposite directions. The 
pistons also act as valves by covering and uncovering three sets of 
ports E, A, and G, in the cylinder. The air and gas are forced into 
the cylinder by a pump which, in Fig. 592, is at the back of the engine 
and is driven directly from the back piston BP. But two separate 
pumps may be used, one for air and the other for gas, and they may be 
placed at the side of the engine and be driven by a separate crank on 
the crank shaft, or they may bo placed below the floor level and be 
driven from a rocking shaft worked by a lever from the back cross- 
head. 

The pump has suction valves S and delivery valves D. These 
valves, which are not shown in Fig. 592, are of the automatic type 
such as arc used on air compressors. 



Fig. 592. — Oechelhauser gas engine. 


The front piston FP is coupled to toe crank pin K of the central 
crank by means of the connecting rod N. The back piston BP is 
coupled to the crank pins Jc of the outer cranks through the cross- 
head C, side rods tt, crossheads II, and connecting rods n. The outer 
cranks are at 180° to the central crank. When the pistons are 
moving outwards and are not far from the outer ends of their strokes, 
the front piston uncovers the exhaust ports E and the spent charge in 
the cylinder between the pistons escapes, and the pressure falls to 
nearly that of the atmosphere. The next event is the uncovering of 
the air ports A by the back piston, there is then a rush of air into 
the cylinder, and a thorough scavenging takes place. But before the 
scavenging is completed the gas ports G are uncovered and there is a 
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rush of gas into the cylinder, and this gas mixing with the air forms 
the charge for the next cycle. The pipes from the pump to the 
cylinder form ample reservoirs for air and gas, the former being at a 
gauge pressure of about 10 lb. per square inch and the latter at about 
7 lb. per square inch. 

During the inward strokes of the pistons the ports G, A, and E 
are closed and the charge between the pistons is compressed. At or 
near the end of the inward strokes the charge is ignited and the 
outward strokes of the pistons are performed under the pressure of 
the ignited charge in the usual way. 

It will be seen that in this design of engine the moving parts 
practically balance one another, and the force of the explosion or the 
pressure on the pistons is not transmitted to the main hearings. The 
combustion space is of course in the centre of the cylinder between 
the two pistons when they are nearest together and this space is of the 
simplest form. It will be noticed also that for a given piston speed 
the expansion of the charge during the working stroke is twice as 
rapid in the Oechelhauser engine as in the ordinary single piston engine, 
and the loss of heat to the jacket should therefore be less. There being 
no stuffing-boxes, no valves except a small air starting valve, and no 
cylinder heads, this engine is of very simple form. 

The cylinder is of course water jacketed and the pistons are water 
cooled. 

361. Stuffing-Boxes of Large Gas Engine Piston Rods.— Of 
internal combustion engines it is, in general, only double-acting gas 



Fig. 51)3. 


engines which require stuffing-boxes for the piston rods, and double- 
acting gas engines are usually of large size. 

These stuffing-boxes must be well designed and should be closely 
watched when in use. An example of a good design is shown in 
Fig. 593. This stuffing-box is of the floating packing type, that is, it 
in no way acts as a guide or support for the piston rod. 

The neck bush 1 tits into the bottom of the stuffing-box but is clear 
of the piston rod. The long bush 2 beds on to the neck bush with a 
packing ring to make a gastight joint. This long bush is flanged at its 
outer end and bolted to the outer part of the stuffing-box. The gland 3 
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fits into the bush 2 but Is clear of the piston rod. The annular space 
between the piston rod and the bush 2 contains the packing rings. 
The packing space is divided into two parts by the annular projection 
4 on the bush 2. The inner part of the packing space contains the 
L-section rings 5 which fit the bush 2 but are clear of the piston rod. 
Into the annular spaces formed by these rings are placed the split 
metal packing rings 6 which bear on the piston rod. The outer 
packing space contains the split white metal packing rings 7 which 
are backed by the rings 8. The pressure from the gland wedges the 
rings 7 against the piston rod. Lubrication is effected at 9 and 10 
from the oil holes in the bush 2 as shown. Waste of oil is reduced by 
the soft packing 11. 

362. Humphrey Internal - Combustion Pump.— An extremely 
simple and ingenious form of internal combustion engine, designed for 
pumping water, is due to Mr. Herbert A. Humphrey. This pump 
was first described by its inventor in a paper read before the Institu- 
tion of Mechanical Engineers in Nov. 1909. Briefly, there is a 
vertical cylinder in which the cycle of operations is performed, but 
instead of acting on a metallic piston the gases in the cylinder act 
directly on the water to be pumped. 

Referring to Fig. 59-1, which shows diagrammatical ly one form of 
the Humphrey pump, 0 is the cylinder or combustion chamber, over 
which, in the cylinder head, there are three valves the admission 
valve A for gas and air, the exhaust valve E, and a scavenging air 
valve (not shown). All these valves open inwards to the cylinder and 
are lightly loaded by springs. A water suction valve box V forms an 
extension of the cylinder. This valve box has a number of ports in it 
over which, on the inside, are placed valves opening inwards. 

The cylinder and suction valve box are surrounded by a water 
supply tank or chamber W, the water to be pumped entering this tank 
at S. The water level in W is maintained at approximately constant 
level by means of a valve at S operated by a float. 

A comparatively long pipe, called a play pipe , opens at one end 
into the suction valve box and at the othor end into a water tower or 
stand pipe from which the discharge pipe D leads the water to the 
reservoir into which the water is to be pumped. The play pipe is 
shown horizontal but it is frequently placed in an inclined position 
rising towards the discharge pipe. As will presently be understood, 
the water oscillates backwards and forwards through the play pipe 
between the cylinder and the water tower by reason of its inertia. 

At (w) in Fig. 594 is an indicator diagram, on a time base, given 
by Mr. Humphrey in a paper read before the Manchester Association 
of Engineers in Nov., 1910. In taking a diagram on a time base the 
drum of the indicator is driven by clockwork at a constant speed. It 
is not so convenient to take a prCssurc-volume diagram in this case. 
At (n) in Fig. 594 is shown approximately the form which the pressure- 
volume diagram would take. 

The action of the pump is as follows. Commencing with the com- 
pression stroke. All the valves are closed and compression of the 
charge in the cylinder takes place by the column of water flowing 
backwards. This is shown by the curve AB at (in) and (n). The 
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charge is then ignited and the pressure rises to C and the stroke Sj is 
completed in the time Tj. The water now descends in the cylinder 
under the pressure of the ignited charge which expands as shown by 
the expansion curve CD. At some intermediate point during the ex- 
pansion of the charge the static pressure due to the head of water in 
the water tower will just balance the pressure of the expanding charge 
in the cylinder, but the water by this time has acquired considerable 
kinetic energy which keeps it inoving even after the pressure in the 
cylinder has fallen to that of the atmosphere. Near the point D, at 
the end of the expansion, the exhaust valve opens by its own weight, 
the water suction valves also open and water enters from the tank W. 
Part of this new supply of water follows the moving water in the play 



pipe and there is a partial vacuum iii the cylinder and the scavenging 
air valve opens. The remainder of the supply water rises in the 
cylinder and expels part of the spent charge through the exhaust 
valve E; the exhaust is also assisted by the scavenging air. These 
operations of recharging the pump with water, scavenging with air, 
and partial exhaust take place from D to E and the stroke S 2 is com- 
pleted in the time T 2 . 

The water has now come to rest and is at its highest level in the 
water tower. The water then swings back and rising in the cylinder, 
the water suction valves having automatically closed, further expels 
the spent gases until the water impinges on the oxhaust valve and 
closes it. The point F on the indicator diagrams shows when or where 
the exhaust valve closes. The scavenging valve having also closed, 
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and the water continuing to rise in the cylinder, the gases, mainly air 
from the scavenging valve, are compressed in the cushion chamber U 
to a pressure shown by the point G on the indicator diagrams. The 
water again comes to rest and the stroke S 3 is completed in the time T 3 . 

The compressed gases now expand and drive the water column 
forward until the pressure in the cylinder is again atmospheric, as 
shown by the point H, when the valve A opens and a charge of gas 
and air is drawn in. This continues until the point J is reached, which 
is the end of the stroke S 4 performed in the time T 4 . At the end of 
the stroke ft 4 the water again comes to rest and then swings back and 
another cycle starts. 

The valves in the cylinder head are connected by an interlocking 
mechanism which prevents the scavenging and exhaust valves opening 
when the admission valves open and vice versa. 

At (n) in Fig. 594 it will be seen that the effective work done 
during a cycle is represented by the hatched area ABCDA and if this 
be compared with the diagram of the ordinary Otto cycle it is clear 
that in the pump cycle the work done is greater than in the Otto cycle 
by the area of the toe of the diagram between A and 1). For the 
same amount of compression the pump cycle is therefore more efficient 
than the Otto cycle. 

There is a large installation of Humphrey pumps at Cliingford, 
Essex. The plant consists of five pumps and four Dowson pressure 
gas producers using anthracite coal. Four of the pumps have cylinders 
7 feet in diameter and the fifth has a cylinder 5 foot in diameter. 
Each of the larger pumps has sixteen exhaust valves, cigh ft scavenging 
valves and eight air valves leading to eight gas valves. Full detailed 
illustrations of this plant will he found in Engineering, Feb. 14, 1915. 
Tests of this plant showed that each of the larger pumps was capable 
of delivering about 55,000 gallons of water per minute to a height of 
about 30 feet with an average thermal efficiency of over 22 per cent., 
the consumption of anthracite coal in the gas producers being under 
1 lb. per pump horse-power j>er hour. These results prove that the 
Humphrey pump is not only extremely simple in construction but also 
very efficient. 

363. Diesel Engine. — The general features of a Diesel engine are 
illustrated in a most instructive manner by Fig. 595, copied by per- 
mission from a diagram given by Professor W. E. Dalby in his paper, 
“ Trials of a Small Diesel Engine,” read before the Institution of Naval 
Architects in 1914. The diagram is not drawn to scale and the parts 
do not occupy their exact relative positions. 

Quoting Professor Dal by ’s description : The central area of the 
diagram is occupiod by the cylinder, and shows the air-admission valve, 
the exhaust valve, and the fuel valve which admits the supply of oil 
fuel to the cylinder. These valves are opened by levers operated by a 
half-speed cam-shaft, and are closed down on their seatings by springs. 
There is also a separate starting valve controlled by a separate lever 
and a cam on the half-speed shaft ; this valve lies behind the fuel valve, 
hut is not shown on the diagram. The supply pipe connecting the 
starting valve to the store bottle through the" regulating valve 13 is, 
however, indicated. 




Fia. 595. — Professor Dalby’s diagram of a Diesel engine. 


pump. The pump forces the oil into the annular space round the fuel 
valve, against the blast pressure which is continuously maintained 
there in virtue of its connection with the blast bottle through the 
blast pipe and the regulating valve C. Then, when the fuel valve is 
opened, the blast pressure blows the oil through the narrow passage 
ways surrounding the nose of the fuel valve, into the clearance space 
of the cylinder. The difference between the pressure in the annular 
space and the pressure in the clearance space is considerable, and the 
energy corresponding to the difference is utilized in reducing the oil 
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fco a tine mist. Air for the blast is compressed by a two-stage water- 
jacketed compressor driven from the crank shaft, and after each stage 
of the compression the air flows through a cooler, as illustrated in the 
diagram. Air is drawn into the compressor at A. A, in fact, is a cap 
by means of which the size of the opening can be varied, and in this 
way the quantity of air delivered to the bottles can be regulated. 
These bottles are placed in communication with one another through 
the valve E. Air is delivered to the blast bottle from the compressor 



CYLINDER 

Fia. 596. — Fuel valve of Diesel engine. 


through the valve D, and then, if it is also necessary to replenish the 
stock in the store bottle, the valve E is opened and part of the delivery 
flows across into store, to be used later for starting the engine ; the 
other part maintains the supply in the blast bottle against the inter- 
mittent flow through the fuel valve. The pressure of the supply to 
the fuel valve is regulated by the valve C. In one of the trials made 
the air pressures were as noted on the diagram. Four pipes are taken 
from the water main to supply respective! y’ water to the jacket of the 
engine cylinder, the jacket of the high-pressure cylinder of the com- 
pressor, the jacket of the low-pressure cylinder of the compressor, and 
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to the intercooler. The discharge from all the jackets is collected in 
an orifice tank W, so that the quantity of water flowing through the 
plant can be measured by observations of the head over the orifice. 

Two oil tanks are shown in Fig. 595. The larger tank is used 
during the normal running of the engine while the smaller one is used 
during a trial. The positions 1 , 2, and 3 of the handle of the three- 
way cock O correspond to shut off, normal running, and trial, 
respectively. 

The fuel valve is shown in detail in Fig. 596. Quoting Professor 
Dal by ’s description : Oil from the force pump is delivered through the 
channel O, and air enters through the channel A. When the fuel 
valve is opened the air forces the oil through the narrow winding 
passages which obstruct its free entry into the clearance space in the 
cylinder. The valve itself is a steel spindle B, closing down on to the 
comcal seating S, giving access to the clearance space of .the cylinder 
through a hole about ^ inch diameter. The spindle passes through a 
gun-metal sleeve G, the end H of which is enlarged to lill the hole just 
above the seating. This enlarged head is milled on the outside into 
narrow channels, so that the oil is atomized as it is forced through 
these channels on its way to the cylinder. The more usual arrange- 
ment is to form the head of the sleeve with a series of washers drilled 
with holes y 1 ^ inch diameter, forming in this way passages offering high 
resistance to the flow of the oil. The valve spindle B is lifted by the 
lever L against a strong spring ; and the lever L is operated by the 
cam C, which is placed on the half-speed shaft. The lift of the spindle 
B is about ■— inch. 

The fuel oil pump is shown in detail in Fig. 597. Again quoting 
Professor Dalby’s description— S is the suction valve ; D 1 and D 2 are two 
delivery valves in series j Li is the ram. The ram is driven by a small 
crank and connecting rod attached to the end of the half-speed cam 
shaft as indicated at O by dotted linos. A small screw-down valve is 
provided to test the oil flow ; it opens communication into the space 
above the first delivery valve D x , and when open, oil spurts from the 
pipe P when the pump is working properly. 

The quantity of oil forced through the delivery pipe during the 
down stroke of the ram 11 depends upon the fraction of the stroke of 
the ram at which the suction valve S closes, and this closing is 
determined by the action of the governor on the valve. Until the 
suction valve closes the ram merely displaces oil back through it into 
the supply chamber Y. The closing can be delayed by the action of 
the governor, so that, in general, part of the charge drawn in through the 
suction valve is turned back to the supply chamber Y through the 
suction valve, and the remainder is forced out through the delivery 
valves D x and D 2 to the fuel valve in the cylinder cover of the engine, 
against the pressure of the air in the annular chamber surrounding the 
fuel valve. The proportion of the whole charge which is delivered 
through the delivery valves during the down stroke of the ram depends 
upon the position of the governor sleeve E. 

The mechanism by means of which the governor delays the closing 
of the suction valve is shown in the figure. The link H is jointed at 
one end I to the link L, which hangs from the arm K. The arm K is 

2 K 
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connected to the governor sleeve, and pivots at N. The other end of 
the link H is connected to the crosshead pin Q, which drives the pump 
ram, so that as the engine work's the link H executes angular oscilla- 
tions about the joint I. The plug rod G is connected to the link H, 
so that it oscillates vertically through a range equal to about one-third 
of the stroke of the ram. The plug rod G passes through the pump 
block B, which acts as a guide, and carries below an arm J fastened 
to it. Assuming that the governor is rotating steadily so that the pin 
joint I is at rest in the position corresponding to full load, the arm J, 
as it oscillates up and down, keeps clear of the end of the suction 
valve S. If the speed increases the pin joint I moves up as the governor 



sleeve rises and this movement brings the arm J into contact with the 
end of the suction valve during a portion of the stroke, and so delays 
its closing. 

The principal dimensions of the engine are : Diameter of cylinder, 
in. Stroke, 10| in. Air compressor H.P. cylinder, l~r in. diameter ; 
L.P. cylinder, 3§ in. diameter ; stroke of pistons, 2J in. At full load 
the I.H.P. was 12*95 and the B.H.P. 9*94 at 250 revolutions per 
minute. For full details of the various trials which Professor Dalby 
made with this engine the student is referred to the paper mentioned 
at the beginning of tins Art. 

364. Campbell High Compression Oil Engine.-— The illustrations. 
Figs. 598, 599, and 600, prepared from drawings kindly supplied by 
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Fig. 598. — The Campbell high compression oil engine. Sectional elevation. 
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Fig. 599.— The Campbell high compression oil engine. Sectional plan. 
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the Campbell Gas Engine Co. of Halifax, show in considerable detail 
the Campbell high compression oil engine. This engine has proved 
highly successful with residual petroleum as fuel. This residual 
petroleum is frequently called crude oil, but as has already been pointed 
out (p. 484) the crude oil as it comes from the wells is seldom used 
as fuel in oil engines. 

The particular engine hero illustrated and described has a cylinder 
7*5 inches in diameter and a stroke of 15 inches. At the normal speed 
of 260 revolutions per minute the working load is 11*5 horse-power and 



Fio. 600. — Tlio Campbell high compression oil engine. End elevation. 


the maximum load is 13 B.H.P. The engine works on the four-stroke 
cycle and is governed on the “ hit and miss ” principle, 

Duriijg the suction stroke air only is drawn in through the inlet 
valve 1. During the next stroke this air is compressed to a pressure 
of about 300 lb. per square inch. Before the compression stroke is 
completed the fuel oil is injected into the vaporizer or hot-bulb 2 by 
means of the pump 3. On its way from the pump to the vaporizer the 
fuel oil is broken up into a fine spray or mist in tho atomizer 4. The 
necessary temperature for the ignition of the charge is attained partly 
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by tbc heat of compression, partly by the heat of the vaporizer, and 
finally by the heat of the hollow ignition plug 5. Except at starting 
the vaporizer and ignition plug, which are not water jacketed, are 
heated by the combustion of the fuel oil. 

On ignition there is an almost instantaneous rise in pressure to 
about 500 lb. per square inch. For a very short period during the 
succeeding working stroke the combustion is continued at approxi- 
mately constant pressure as in the Diesel ongine, after which there is 
expansion to near the end of the stroke wlion the exhaust valve 6 opens 
and exhaust begins and is completed during the fourth stroke of the 
cycle. 

The fuel pump 3 has three ball valves, the suction valve in 
the plug 7, the delivery valve in the plug 8, and a check valve in 
the plug 9. 

The in or delivery stroke of the fuel pump plunger is performed 
under the action of the cam 10 through the lever 11 carrying the 
pecker piece 12 which strikes the steel die 13 hung against the outer 
end of the pump plunger by the governor drop rod 14. The out or 
suction stroke is performed by a spring in the pump barrel. When the 
speed of the engine, and therefore the speed of the gov ernor, exceeds a 
certain limit, due to a reduction in the load, the governor raises the 
die 13 clear of the pecker piece 12 and the pump is put out of action 
until the speed is reduced sufficiently by the temporary cutting ofF of 
the power. 

The cam shaft is driven directly from the crank shaft, by skew 
gearing in the gear wise 15. The speed of the cam shaft is half that 
of the crank shaft. 

The governor is driven by bevel gearing from the cam shaft. 

The air inlet valve 1 is opened by means of the cam 16. This cam 
acts on a roller carried on one arm of a T-shaped radius Jink 17 which 
turns about the fulcrum pin 18. To the other arm of the radius link 
is jointed the rod 19 which is coupled at its upper end to one end of 
the lever 2(). The lever 20 turns about the fulcrum pin 21, and its 
free end acts on the head 22 attached to the top of the air inlet valve 
spindle. The air inlet valve is closed by the spring 23. 

The exhaust valve 6 is opened by means of the samo cam 16 which 
opens the air inlet valve. This cam acts on the roller, not shown in 
the illustrations, carried on the outer end of the exhaust valve lever 24 
which turns about the fulcrum pin 25. The inner end of the exhaust 
valve lever carries a bolt the head of which, 26, acts on the lower 
end of the exhaust valve spindle. The exhaust valvo is closed by the 
spring 27. This spring abuts at its upper end against the bracket 28 
and at its lower end against a washer carried by a bolt which, by 
means of the stirrup 29 forms an extension of the exhaust valve spindle. 
The inner end of the exhaust valve lever 24 works inside the stirrup 29. 

The fuel oil comes from the supply tank through the pipe 34 and 
passes through the heater 30 and then through the pipe 35 on its way 
to the pump. The heater is warmed by exhaust gases from the engine 
cylinder which enter the jacket of the heater by the branch pipe 31 
from the main exhaust pipe 32 and leave by the pipe 33. But the 
heater is only warmed when the fuel oil used is not sufficiently fiuid to 
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flow freely. There is a by-pass cock (not shown) on the pipe 33 by 
means of which the passage of exhaust gases through the heater jacket 
may be cut off 

For engines with what is called “ cold starting ” a pipe 36 is used 
which comes from a small secondary tank containing paraffin or gas 
oil. At the junction of pipes 35 and 36 there is a two-way cock 37 
which can be set to pass oil from one pipe or the other to the pump. 
With cold starting the engine is run for a few minutes on the paraffin 
or gas oil and then the supply is changed over from pipe 36 to pipe 35. 

The cooling water for the cylinder jacket enters by the pipe 38 and 
leaves by the pipe 39. 

The cylinder liner 40 is secured by four T -headed bolts one of 
which is shown dotted at 41 in Fig. 599. The heads of these bolts lie 
between snugs cast on the liner. The liner may be withdrawn from 
the cylinder by means of the forcing screws 42. 

An oil pump 43 driven from the cam shaft supplies oil* through the 
pipe 44 to lubricate the cylinder and piston. The gudgeon pin in the 
piston is lubricated from the cylinder through the oil hole and short 
tube at 45. The exhaust vjilve spindle is lubricated through the oil 
pipo 46, and the air inlet valve spindle through the oil hole 47. The 
crank pin bearing in the connecting rod is supplied with oil from the 
lubricator 48 by the centrifugal method through the oil hole 49 in one 
of the crank arms. The crank shaft bearings 50 have ring lubricators 
running in enclosed oil baths. 

Before starting the engine the vaporizer and ignition plug are 
heated by a blow-lamp applied at the opening 51 in the cover 52 of the 
vaporizer. After starting the lamp is not required, not even when the 
engine is running with no load. 

It is important that before the first start or after disconnecting for 
cleaning, the fuel oil pipes should be cleared of air and charged with 
oil. To facilitate this the screw-down vent valve 53 is provided on 
the atomizer. There is also a screw- down valve 51 on the atomizer 
escape pipe leading to the vent pipe from the heater. 


^ 5001 



AL, atmospheric line. IDC, inner dead centre. ODC, outer dead centre. 

A VO, air inlet valve opens. A VC, air inlet valve closes. FA B, fuel admission begins. 

FAG, fuel admission ends. EVO, exhaust valve opens. EVC, exhaust valve closes. 


An indicator diagram is shown in Fig. 601, and the valve setting 
diagram in Fig. 602. 
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365. Campbell Two-Stroke Cycle Oil Engine. — A good example 
of the two-stroke cycle oil engine with moderate compression is shown 
in Figs. 003 and 604. This engine is made by tho Campbell Gas 
Engine Co. of Halifax, and the illustrations have been prepared from 
drawings kindly supplied by that firm. 

The operations making up the two-stroke cycle have been described 
in Art. 351, p. 477, and it has been pointed out that in this cycle a 
pump for charging the cylinder with air (and also gas in the case of a 



Pig. 603. 


Pig. 604. 


gas engine) is necessary. In the engine now to lie described the engine 
piston and the crank case form the necessary pump. The engine is a 
vertical one, and during the up stroke of the piston air is drawn into 
the crank case through the air valves O. In these valves the moving 
part is a disc of sheet metal. During the succeeding down stroke the 
air in tho crank case is slightly compressed. 

Coming now to what takes place above the piston : Not far from 
the end of the down stroke the piston uncovers the exhaust port 1, and 
the spent charge escapes through the water- jacketed exhaust pipe 3. 
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A little later the piston uncovers the air port 4 and the compressed air 
in the crank case rushes by way of the passage 6 into the cylinder. 
Owing to the baffle 7 formed on the piston, and to the fact that the 
air port opens later than the exhaust port, the inrushing air has a 
scavenging action, clearing out the spent gases, more or less completely, 
from the cylinder and vaporizer. The cylinder and vaporizer are then 
full of practically pure air. The operations of oxhausting, scavenging, 
and charging the cylinder and vaporizer with air are clearly shown in 
Figs. 605, 606, and 607. 



Exlinubt port just open. Air Exhaust port open. Airport 
pui t closed. » just upon. 

Fig. G05. Fig GOG. 



PIstun at bottom of stroke. 
. Fig. 607. 


As soon as the piston covers the exhaust port during the up stroke, 
compression of the air above tbe piston begins and continues to the end 
of the stroke, a pressure of about 180 lb. per square inch being reached. 
But before the up stroke is completed the fuel oil is injected by the oil 
pump through the spraying nuzzle 8 into the vaporizer or hut-bulb 2, 
where it is vaporized and the mixture of fuel vapour and air is ignited. 
At the top of the stroke the supply uf fuel oil ceases and the down 
stroke is performed under the pressure of the ignited charge. 

It will be seen that there is a working stroke for each revolution of 
the crank. 



TDC, top dead centre. BD(\ bottom dead centre. EPO, exhaust port opens. 

EPO, exhaust port closes. APO, uir port opens. A PC, air port closes. 

FA M, fuel admission begins (full load). FAE, fuel admission ends. 

AVO, air valves in crank case open. Ati, atmospheric line, 

o, transfer of air from crank case to cylinder. e t expansion of air in crank case. 

*, scavenging and charging cylinder 'with air from crank case. 


The crank diagrams of the cycle are given in Figs. 608 and 609 y 
the former for the cylinder above the piston and the latter for the 
crank case. Fig. 6 1 0 shows the form of the cylinder indicator diagram 
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and also the crank case indicator diagram for this type of engine, the 
latter being a weak spring diagram. 

As in the high compression oil engine illustrated and described in 
Art. 364, the vaporizer 2 is heated partly by the compression of the 
air charge, but mainly by the combustion of the fuel oil within it. 
Since a charge of fuel oil is burned at every revolution of the crank 
the vaporizer will be more highly heated in tho two-stroke cycle engine 
than in the four-stroke cycle engine and the ignition plug 5 is not so 
necessary in the former, but before starting a shorter time is required 
for heating up by the blow-lamp 9 when an ignition plug is provided. 
The blow-lamp is not required after starting. 

After heating the vaporizer by means of the blow-lamp the engine 
is started with compressed air. This compressed air is stored in a 
strong cylinder or air bottle. The air bottle is generally charged with 
the gases from the engino cylinder, which are allowed to escape into it 
at the maximum pressure through the starting valve. This valve is a 
simple non-return valve held on its seat by a spring, which is raised by 
a hand lever when it is desired to admit the pressure to the cylinder 
for starting. Normally the valve is held down on its seat by a set 
screw, which of course has to be run back before the valvo can l>e 
operated by hand. When it is intended to use it as a charging valve 
the set screw is turned back one or two turns, and this permits the 
valve to open slightly when the maximum pressure in the cylinder is 
reached and the air bottle is gradually charged. For the larger 
engines the same method may be adopted, but it is more general to 
have an independent air compressor driven in some way from the 
engine or by a separate small engine or motor. 

Tho particular engine illustrated by Figs. 603 and 604 is one unit 
of a two-cylinder marine engine, having cylinders 11*75 inches in 
diameter and a stroke of 12 inches. This engino develops 66 B.H.P. 
as a maximum, but the full working load is 60 B.H.P. at the normal 
speed of 350 revolutions per minute. 

366. Aero Engines. "The engines of aeroplanes and airships use 
petrol as fuel. They are mostly water cooled, the water being circu- 
lated by a pump and cooled in a radiator. The crank shaft speed is 
high, 1200 to over 2000 revolutions per minute. Tho engines are 
single acting and nearly all work on the Otto four-stroke cycle. A 
feature which distinguishes aero engines from all other heat engines is 
their extreme lightness for the power developed. The weight of the 
complete engine, dry, without propeller, does not generally exceed 
4 lb. per B.H.P. 

A part of an aero engine which differs considerably from that of 
other engines is the cylinder, tho object being to obtain the necessary 
strength with the minimum of weight. Figs. 611, 612, and 613 show 
cylinder details of a six-cylinder. 300 B.H.P. Maybach engine. Fig. 
611 shows the upper part of the cylinder, Fig. 612 shows the lower 
part of the water jacket, and Fig. 613 shows the lower part of the 
cylinder barrel. Bore of cylinders, 165 mm. (6*50 in.); stroke, 
180 mm. (7-09 in.). 

Referring to the illustrations: H is the cast iron cylinder head, 
V being part of the seat of one of the four valves. The barrel B is of 
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steel piachiued all over and is only 3 mm. (0*118 in.) thick at its 
thinnest parts; it is screwed on to the head II as shown in Fig. 611, 
and is bedded on to a soft brass washer ring A. The thickness of the 
barrel increases from 3 mm. at the bottom of the water jacket to 
4*5 mm. (0*177 in.) over the base flange F. A projection P fits into 
an opening in the crank case. 

The water jacket J is machined all over from a cylindrical steel 
forging. At the upper end the jacket is screwed on to the cylinder head 



and this screwed joint is finally sweated in position with soft solder 
and is locked with four grub screws G. The thickness of the main 
part of the jacket is 1 mm. (0 039 in.). The water space W is only 
7 mm. (0*276 in.) wide. The jacket extends to about two-thirds of 
the total length of the cylinder barrel. The joint at the bottom of the 
jacket is shown in Fig. 612 ; steel rings S have between them a soft 
rubber composition packing ring R compressed by means of the cap 
ring N screwed on to an extension of the jacket shell. This joint 



allows for the relative expansion between the cylinder barrel and the 
jacket. 

In cheaper designs the jacket shell is marie of sheet steel, the joints 
being acetylene- welded. Copper jacket shells are also used. 

Aero engine pistons are usually made either of cast iron or of 
aluminium. Fig. 614 shows the Benz standard cast iron piston for 
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230 horse-power, engines having cylinders 145 mm. (5-71 in.) in 
diameter. A special feature of this design is the conical steel support 
in the centre, riveted to the crown of the piston and bearing on the 
central portion of the gudgeon pin through a slot in the upper end of 
the connecting rod. This support causes the greater part of the load* 
on the piston to come directly on to the centre of the gudgeon pin. 
This piston, complete with gudgeon pin, rings, and set screw, weighs 
6*72 lb. 


The Benz standard aluminium piston for the same size of engine as 
that just referred to is shown in Fig. 615. The head is supported and 
strengthened by eight webs radiating from the central boss. There 
are three cast iron packing rings above the gudgeon pin and one 
scraper ring below it. The gudgeon pin bosses are fitted with steel 
bushes. This piston, complete with gudgeon pin, rings, and set screw, 
weighs 4*91 lb. 

367. Carburettors. — In engines using petrol, alcohol, and other 
liquid fuels which readily vaporize, the fuel is sprayed into the suction 
pipe of the engine by a carburettor . During the 
suction stroke air is drawn in and this air passing 
over a nozzle which is in communication with the 
fuel supply induces a current of the liquid th rough 
the mouth of the nozzle, and the liquid is sprayed 
into the air in minute drops which quickly vaporize. 

The delivery end of the nozzle is shown in Fig. 

616. When not in action the fuel stands at a level 
A, a small distance h below the mouth of the nozzle. 

1 he fuel is fed to the nozzle from a chamber in which it is kept at the 
constant level A in a way to be described later. 

Let v 1 = velocity of air at level B. 

v 2 = velocity of the issuing fuel at level B. 
w x = weight of 1 cubic foot of air. 
zr 2 == weight of 1 cubic foot of fuel. 

It may be demonstrated from the theory of the flow of gases and 
Bernoulli’s theorem that at the mouth of the jet, friction being 

neglected, V ?jf + w 2 h = 



Pro. C1C. 


and Vo = _ 2 gh 

The velocity of the air at which the flow of fuel ceases, or t> 2 =• 0, is 

given by, = 2 <jh, or v x = \J 
w 2 V 

For example, taking h = 0-15 inch or 0*0125 foot, and 1L ' 2 = 600, 

_ Wl 

the critical velocity of the air is y/2 x 32-2 x 0*0125 x 600 = 22 feet 
per second, 

Onqe the flow of fuel is started it will be found from the formula 
that the fuel velocity increases more rapidly than, the air velocity, and 
this is verified in practice. This is best shown by numerical examples. 
1 irst take v x = 60 feet per second, then, taking the same values of 
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h and ™ 2 as before, v 2 = ^ X 32*2 x 0*0125 = 2*28 feet per 

second. 

Next let the air velocity be doubled, or v x = 120 feet per second, 
/12Q2 

then i? 2 = \J 2 x 32*2 x 0*0125 = 4*82 feet per second, which 

is 2*11 times the former fuel velocity. 

This increase in the relative velocity of fuel and air, as the velocity 
of the air increases, is greater the greater the value of h. If h is zero, 

then ^ 2 = \/ l ° l , which is constant for the same fuel at the same 

Vi v 

temperature of fuel and air. It is, however, necessary that h shall 
have a positive value to prevent loss of fuel when the engine is not 


running. 

For a given fuel there is a particular mixture of air and fuel which 
gives the best results. Now, if for a particular speed of air the 
proportions of the fuel nozzle and air passage give the correct mixture 
of air and fuel, it follows that at other air speeds the mixture will be 
different, since the amounts of air and fuel passing are proportional to 
their respective-velocities. This complicates the problem of carburettor 
design, and the numerous designs of carburettors on the market is one 
of the consequences. 

A carburettor which is very extensively used is the Zenith 
carburettor , which will now be described. 

Referring to Fig. 617, which is a vertical section of the most 
common form of the Zenith carburettor, the fuel from the main supply 
tank enters at 1 and passes into the float chamber 2, the purpose of 
which is to keep the fuel at an approximately constant level. The 
constant level in the float ehambor is maintained by means of the 
float 3 and needle valve 4 operated through the levers 5. The 
needle 6 of the needle valve has a grooved collar 7 attached to it, and 
the inner ends of tho levers 5 work in the groove of this collar. The 
levers 5 turn on pins 8. The outer ends of the levers, which are 
enlarged to form counterweights, rest on tho top of the float. 

If the fuel level is below the normal the needle valve is open and 
the fuel enters the float chamber at a greater rate than the engine 
requires, the float rises and the needle is depressed and when the 
normal fuel level is reached the needle valve closes and the fuel supply 
to tlie float chamber is cut off. When the fuel level again falls below 
the normal tho fall of the float opens the needle valve. 

The carburettor is connected to the engine suction pipe at 9. The 
air supply enters at 10 under the control of the throttle valve 11, 
which is attached to the spindle 12, which is operated by means of 
levers outside the carburettor. The passage below the throttle valve 
is contracted by the choke tube 13 for the purpose of increasing the 
velocity of the air in the neighbourhood of the fuel nozzles 14 and 15. 
These nozzles form a compound nozzle, of which the inner , part 14 
is called the main nozzle and the outer part 15 is called the com- 
pensating nozzle. The outlet from the compensating nozzle is annular. 

The main nozzle 1 £ has free communication with the float chamber. 
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Tlie compensating nozzle also communicates with the float chamber, 
but the supply is limited by haying to pass through the small inlet 16. 
Over the inlet 16' there is a chamber 17 which is in communication 
with the atmosphere through the air hole 18. ' 

The part of the fuel supply to the engine which passes through the 
main nozzle 14 will tend to increase the richness of the mixture as the 
speed of the engine, and therefore the speed of the air, increases ; but 
owing to the fact that the chamber 17 over the inlet 16 is in free 



Fiq< 617. — Zenith carburettor. 


communication with the atmosphere through the air-hole 18, the part 
of the fuel supply passing through the compensating nozzle will not 
increase, and the part of the fuel supply to the engine which passes 
through the compensating nozzle will tend to decrease the richness of 
the mixture as the speed of the engine increases. The consequence is 
that, if the parts are properly proportioned, the combined supply by the 
two nozzles 14 and 15 will always bear the same ratio to the air 
supply, 

A separate nozzle 19 comes automatically into action for slow 
running or for starting when the throttle valve 11 is only slightly 
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open. In that case the air velocity in the choke tube is noc sufficient 
to operate the nozzles 14 and 15, but in the contracted passage round 
the slightly open throttle valve there is sufficient air velocity to operate 
the nozzle 111 through the by-pass 20 near the edge of the throttle 
valve. When the throttle valve is open a certain amount, the air* 
velocity at the month of the by-pass 20 is not sufficient to operate the 
nozzle 19, and it automatically goes out of action. 

There is an air supply to the nozzle 19 through the holes 21, and 
this supply can be adjusted so that any strength of mixture may be 
arranged for starting purposes To adjust this air supply the sot 
screw 22 is slackened back, and the whole of the slow running and 
starting device is lifted out and the two parts 23 and 24 are then 
screwed nearer together or further apart, these parts having a screw 
connection at 25 

368. Pour-Stroke Cycle versus Two-Stroke Cycle Engines. — The 
relative merits of the four-stroke cycle and the two-strdke cycle for 
internal combustion engines have given rise to much discussion, 
particularly in the application of the Diesel engine to the propulsion 
of ships, and the views expressed by experienced engineers and engine 
builders have been somewhat conflicting. 

Considering single-cylinder single-acting engines, the two-stroke 
cycle engine has twice as many working strokes as the four-stroke 
engine for the same number of revolutions of the crank shaft. The 
first consequence of this is that the turning effort on the crank shaft 
is much more uniform in the case of the two-stroke cycle engine, which 
is a great advantage The second consequence is that but for the 
shortening of the effective stroke by the exhaust ports in the two- 
stroke cycle engine, and the addition of the pump for scavenging and 
charging the cylinder with air, also in the case of gas engines the 
addition of a gas pump, the power of the two- stroke cycle engine would 
be doubfe that of the other. In practice, however, the extra power of 
the two-stroke cycle engine is only from 70 to 90 per cent, instead of 
100 per cent 

In the four-stroke cycle engine the pumping is perforated in the 
engine cylinder, while in the two-stroke cycle engine it is performed in 
a separate cylinder, which has to carry a pressure of only 4 or 5 lb. per 
square inch and can readily be made double-acting Notwithstanding 
the presence of the extra cylinder or cylinders for pumping in the case 
of the two-stroke cycle engine, this engine is lighter than the fqur- 
stroke cycle engine of the same power. The more uniform turning 
effort on the crank shaft of the two-stroke cycle engine also means a 
lighter fly-wheel 

^/in the past the four-stroke cycle engine has been more economical 
in fuel than the two-stroke cycJe engine, but in recent years, with 
increasing experience in designing and operating the latter type, its 
economy in fuel has been much improved and is closely approaching 
that of the former type. " 

For the same crank shaft speed the valve gear, and in an oil engine 
the fuel pump, of a two-stroke oycle engine work at twice the speed 
required in a four-stroke cycle engine. This means greater noise and 
wear and tear in the two-stroke cycle engine. 
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^The gear for reversing a two-stroke cycle engine is simpler than 
that for the four-stroke cycle engine. 

The absence of an exhaust valve in the two-stroke cyde engine 
having exhaust ports in the wall of the cylinder is a great advantage 
? in large engines. 

J In the case of two-stroke cycle gas engines there is liability to the 
loss of gas through the exhaust ports in scavenging and charging the 
cylinder, but this does not apply to oil engines in which air only is 
introduced while exhaust is taking place. Large gas engines generally 
use a cheap gas and a slight waste through the exhaust ports is not of 
great importance. 

For stationary engines of small and medium powers the four-stroke 
cycle is generally used on account of its simplicity and proved economy, 
and even for large power stationary engines it is much used. For 
marine purposes, however, the advantages of reduction of weight 
and space occupied are greatly in favour of the two-stroke cycle type 
of engine. 

369. Combined Internal Combustion and Steam Engine. — Owing 
to the high temperature produced in the cylinder of an internal com- 
bustion engine, a partial cooling of the cylinder is a necessity, and this 
cooling means a waste of heat. In a steam engine the steam loses 
heat to the cylinder, but the cylinder is never too hot and no external 
cooling is necessary, in fact the steam in the cylinder would work 
more efficiently if the cylinder could be kept hotter than the steam. - 
These and other considerations have caused suggestions And experi- 
ments to be frequently made in the past to combine the internal 
combustion engine and the steam engine in one prime mover. What 
promises to be a successful engine of this type is that invented by 
Mr. W. J. Still. This engine was first publicly described in a paper 
by Mr. F. E. D. Acland, read before the Iloyal Society of Arts in 
May, 1919. • 

One form of the Still engine is shown diagrammatically in Fig. 618, 
prepared from one given in Mr. Acland’s paper. Referring to Fig. 
618, AB is a cylinder in which works the piston C. An internal 
combustion engine cycle is performed in the cylinder above the piston 
and a steam engine cycle below the piston. As arranged in Fig. 618, 
the internal combustion cycle is a two-stroke one. It will be seen that 
the piston has a length rather greater than the stroke,. 

The upper part of the cylinder is water jacketed, while the lower 
part is steam jacketed. A peculiar feature of the water jacket is that 
the water in it is kept at a practically constant temperature, and its 
cooling action is due to part of the water being evaporated. The heat 
transferred to the water jacket is therefore represented by the latent 
heat of the steam produced, and the temperature of the water 
corresponds to -the pressure of the steam. 

The steam produced in the jacket passes to the boiler EF together 
with a portion of th«f water. 

The exhaust gases* from the combustion end .of the cylinder pass 
first through the tubular heater GH and then through another heater 
HK before passing to the atmosphere. The heater HK warms the 
feed water which joins the circulating water from the lower part of 
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the boiler at the bottom of the heater GH. The water passing through 
the heater GH forms the supply to the water jacket. 

Steam passes from the boiler through the pipes shown to the steam 
jacket and then to the underside of the piston 0. The admission and 



Fto. GIB. -The Still combined internal combustion and steam engine. 


Also, in this way, extra 
it must bo noted that in 


discharge rfn the underside of the piston are controlled by the valve V 
worked from the crank shaft. 

Steam for the first starting of tho engine is raised by burning oil 
or other fuel in the fire-box of the boiler, 
steam for overload may bo produced, but 
obtaining extra power in this way the total 
efficiency diminishes, because the fuel is 
much less efficient in the boiler than in the 
internal combustion engine. 

A special feature of tho Still engine 
is the construction of the cylinder, a half 
cross section of which is shown to the left 
in Fig. 619. For comparison the right- 
hand half of Fig. 619 shows the ordinary 
construction of internal combustion engine 
cylinders. The Still cylinder consists of 
an inner cast iron liner, which is approxi- 
mately one- third to one-fourth of the usual 
thickness ; it is ribbed externally so as to add to its conducting surface 
and provide suitable passages for the cooling water, and it is reinforced 
by an outer stoel shell capable of withstanding the highest pressure to 

2 L 
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be mot with in working. It seems to the writer that this construction 
of cylinder might .be used with advantage for large internal combustion 
engines other than the Still engine ; also there might be a further 
advantage in arranging the ribs helically. 

The following advantages are claimed for the Still engine : — 

The higher mean temperature of the engine makes the combustion 
cycle more effective and more reliable in starting and in running. 

The mechanical stresses due to heat are reduced. 

The steam generated by the heat rejected by the combustion cycle, 
(a) augments the power of the engine without increasing the con- 
sumption of fuel, ( b ) cools the piston, (<•) reduces the mechanical losses 
of the engine, (d) is used under exceptionally favourable conditions, 
since it absorbs heat during expansion, (e) suffers no condensation loss 
in the working cylinder, (/) warms the engine before starting, so that 
no sudden temperature changes occur in any part, (. 7 ) starts the 
engine against load if necessary, (/<) enables manoeuvring to be per- 
formed at any speed from nothing to maximum and for any period. 

Power at normal loads is developed by combustion and steam from 
waste heat alone, w T ith an efficiency at least 25 per cent, above any 
known combustion engine of similar proportions. 

Since the steam raised by the waste beat is more than enough to 
overcome the mechanical losses of the engine, the of the engine 

is at least equal to the I.II.P. produced by the combustion. 

Additional steam gives a large range of overload without serious 
loss in efficiency. 

In engines using heavy oil as fuel, the compression pressures which 
ensure ignition can be reduced by 50 per cent., as compared with the 
Diesel system. 

For a record of tests of a Still engine see Art. 400, p. 505. 


Exercises XXII 

1. A cubic foot of methane or marsh gas (CH 4 ) weighs 0*0448 lb. at standard 
prossurc and temperature. The higher calorific value of this gas is 13344 C.1I.U. 
por lb. Compute the higher 1 and lower calorific values of a cubic foot of this gas, 
taking the latent heat of steam at standard pressure as 530*2 C.li.U. por lb. 

2. A town gas which has a lower calorific valuo of 312 iC.H.U. per cubic foot 
rOquiros 5*36 cubic feet of air for its complete combustion. A blast furnace gas 
which has a lower calorific value of 58*1 C.H.U. per cubic foot requires 0*71 
cubic foot of air for its complete combustion. Compute for each of these gases 
the lower calorific valuo of a cubic foot of mixture containing just sufficient air 
for complete combustion, 

3. The gas from a certain suction gas producer, using bituminous coal, had 
the following composition, by volume, per cent. : CH 4f 5 4 ; ll t , 9*5 ; CO, 15*4 ; 
CO., 7*8; N t> 61 9. Determine the higher and lower calorific valuos of this gas 
in C.H.U. or B.Th.U. per cubic foot. 

4. The composition of the gas from a suction gas producer using coke was 
found to be, by volume, per cent., as follows: CII 4 , 0'4; If 2 , 12*0; CO, 26*5; 
CO., 5*3 ; 0., 0 65 : N a , 56*15. Calculate the higher and lower calorific values of 
this gas per cubic foot and por lb. Determine also the minimum volume of air 
required for the complete combustion of 1 cubic foot of this gas. 

5. A particular brand of petrol having a specific gravity of 0*70 and a calorific 
value of 10,600 C.H.U. per lb. is sold at 8s. per gallon. What Bhould be the price 
per gallon of another brand of petrol having a specific gravity of 0*75 and a 
calorific value of 10,200 O.H.U. in order that the cost per unit of heat energy may 
be the same for both brands ? 



CHAPTER XXIII 

THEORY OF INTERNAL COMBUSTION ENGINES 


370. Efficiency of the Otto Cycle. — The Otto cycle lias been 
described in Art. 349, p. 475. The PV diagram for the ideal Otto 
four-stroke cycle is shown in Fig. 620. The following assumptions will be 
made. (1) During the suction stroke EA and during the exhaust stroke 
AE the pressure in the cylinder is atmospheric. (2) The compression 
curve AB and the expansion curve CD aro adiabatics whose equations 
are of the form PV n = constant. (3) All the heat received by the 
gases is received while they rfre at the constant volume V B and while 
the pressure rises from P> to 0, that is during explosion. Also all the 
heat rejected is rejected at the constant volume V A at the end of the 



Fio. 620 Fig. 621. 


working stroke while the pressure falls from D to A. (i) The specific 
heats of the gases are constant. 

Let P A , Pb» Pc, and Pp, denote the absolute pressures at the points 
A, B, C, and D respectively, V A , V B , Y c , and Vp the corresponding 
volumes, and Ta, T b , Tc, and Tp the corresponding absolute tem- 
peratures. Consider unit weight of gases. 

Heat received between B and C = K w (Tc — Tb). 

Heat rejected between D and A = K y (Tj) — Ta). 

Heat converted into work = K w (To — Tp) — K,,(Td — T A ). 

. Heat converted into work 

Thermal efficiency = 

Heat received 

_K y (T c - T b ) - K,(T,) - Ta) 

~ " K v (T 0 ’-T b ) 

_ « t ^: t a 
- Tc — T b 



HEAT ENGINES 


516 


« f Tn PnVi 
B, “To”P^o- 




i> . Pi» /Vox" , . Tn / /IV 

j*" 1 Po “ U,-,) ' t '““ n!f0re To _ \V]>) “(. rj 

where r is the ratio of expansion and also the ratio of compression. 

T a /h*- 1 

In like manner it may be shown that ^ = ( - 1 

rji r|i 

* Therefore D = A , and, by a well known theorem in algebra, each of 
le Ib 

. . , , T d - T a 

these is equal to - — ■- 

If ~ *B 

/K»-l 

Hence the thermal efficiency is equal to 1 — ( j 

This shows that the thermal efficiency is greater the greater the 
value of r. The following table gives values of the thermal efficiency in 
percentages for various values of r and n. 


Thermal Efficiency of Otto Cycle. Per Cent. 


1 

40 

|35*G 

42G 

47*5 

51*2 

54 1 

5G-5 

00-2 

GG-1 

1 

35 

31*9 

38*4 

43-1 

40 ’6 

49-4 

51-7 

55-3 

61 1 2 

1' 

■30 

28*1 

! 34*0 

38-3 

41-6 

44 2 

46-4 

| 49*9 

: 55 * G 


The relation of the efficiency to r, for n =■ 1*4, and n = 1*3 is also 
shown by the curves in Fig. 621. 

371. Air Standard Efficiency.- Of the gases forming the charge in 
an internal combustion engine, air forms by far the largest part and if 
the volume of the combustible gases be neglected and the whole charge 
be assumed to consist of air, then the value of the index n in the 

expression 1 — ( “ ) the preceding Art. becomes 1*4 and the 


/ 1\ 0 ’ 4 

efficiency 1 — j is called the air standard efficiency. 


372. Relative Efficiency. — Knowing the indicated work, and 
the quantity of fuel supplied per cycle, and its calorific value, the 
actual thermal efficiency (heat converted into work divided by heat 
supplied) may be computed, and if this is expressed as a fraction of the 
air standard efficiency for the same ratio of compression r as in the 
actual engine, then the result is called the relative efficiency of the 
engine. 

For example, if in a gas engine in which the compression ratio is 5, 
the quantity of gas supplied per cycle is 0*078 c* ft. and its calorific 
value is 302 C.H.U. per c. ft. and if the work shown by the indicator 
diagram is 10,553 ft. -lb. per cycle, then the heat converted into work 
10 553 

is ’ C.H.U. The heat supplied is 0*078 x 302 C.H.U. and the 
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actual thermal efficiency of the engine is 


1 0,553 

1400 x 0-078 x 302 


0-320. 


The air standard efficiency is 1 — 


( 


1 yj-4 

5' 


= 0-475, and the relative 


0-320 

efficiency is = 0-674 or 67*4 per cent. 

Sometimes the term “ efficiency ratio v is improperly used instead 
of u relative efficiency ” as defined above. The approved definition of 
efiiciency ratio is given in the next Art. 

373. Efficiency Ratio. — If an ideal efficiency be computed assuming 
that the actual engine mixture is used with the same compression ratio 
and that allowance is made for the 
variation in the specific heats with 
change of temperature, then the rat io 
of the actual efficiency to this ideal 
efficiency is called the efficiency ratio. 

The method of computing. the ideal 
efficiency referred to is explained in 
Art. 383, p. 530. 

374. Efficiency of the Diesel 
Cycle. - The Diesel cycle has been 
described in Art. 350, p. 476. The 
PV diagram for the ideal Diesel 
four-stroke cycle is shown in Fig. 

622. The notation used in Art. 370 on the efiiciency of the Otto 
cycle will he used here and the same assumptions will be made. 



Heat received between B and C = K 7 ,(Tc — Tr). 
lleat rejected between D and A = K P (T n — Ta). 

Heat converted into work = Kj,(To — Tu) — K P (Ti> — Ta). 
Thermal efiiciency 


lv P (T (; - T„) - K„(Tj> - T a ) t K,/ T„ - T A > 


1 — D* 

K V y(l\: ^ Tb) K^VTo - IV 

V 

• Let denote the compression ratio „ * and r 2 the expansion ratio 

s >11 

Vi> _ v A 
Vo V c 

m m/Vif 1 m »— i Tc V c V A Vc 
1 bS 5 Hv b ) =Ta>1 Tb-Vb-VbV. 

Hence, Tc ft = = T.(*)” 

Tn-In _ C;)”-' 


Therefore, 


'i’e T„ TA r i»_ T „_i 

*2 V J 
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■ Hence the expression for the thermal efficiency may be put in the 
form 


Thermal efficiency = 1 — - 


i o - 


v^TPutti ng n = 1*4, the above expression gives the air standard 
efficiency for the Diesel cycle. 

L375. Comparison of Otto and Diesel Cycles. — In all applications 
hitherto made of the Otto cycle, the fuel gas or vapour has been mixed 
with the air before compression and this has limited the amount of 
compression because of the danger of pre-ignition due to the heating of 
the mixture by compression, and it lias been shown that the greater 
the compression the greater is the efficiency. By compressing the air 
separately as is done in the Diesel cycle and afterwards spraying 
the oil fuel into the compressed air all danger of pile-ignition is avoided 
and consequently the advantage of high compression may be obtained, 
but the full advantage of the high compression cannot be reaped because, 
as practised in the Diesel cycle, the fuel is burned at practically con- 
stant pressure which is a less efficient process than burning it at 
constant volume as in the Otto cycle. This will he best shown by the 
following examples.*) 

Four cases will be considered in each of which the same quantity of 
fuel will he assumed to be burned, or the same quantity of heat supplied, 
and the same quantity of air will be assumed to be used. The calcula- 
tions will he simplified by neglecting the volume occupied by the fuel, 
which is small compared with the volume of the air. It will be 
assumed in each case that the temperature of the air at the beginning 
of the compression is 100° 0. or 373° C. absolute. 

All pressures are in lb. per square inch absolute and temperatures 
are in degrees Centigrade absolute. 

The equations for the adiahatics will be taken as PV 1 * 4 = constant. 
Case I. Otto cycle. (Fig. 623).— P A = 15. P B - 200. P c = 500. 
F 5 500 4l „ ,, 15 x 500 

P„ ~ 200’ tlu,,ef ° re 1 11 = 200 =’ V5 - 

r A \ 


p.» 

Fa 


PbV b m = I'aVa 1-4 , therefore V B = V A ( ~ ) 1 ' 4 = 0-1572 V*. 


P,i ' 

T„ = Ta£-P? = 781-8. 

A A' A 


T a = 873. 

T« = T a = 1954-5. T„ = T A £ ,> ^ n = 932-5. 
PaVa I a V a 


Heat received between B and 0= (1954-5 — 781 -8) K„ = 1172*7 K v . 
Heat rejected between D and A = (932*5 — 373) Kt, = 559*5 K». 
Heat converted into work = (1172*7 — 559*5) K v = 613*2 K v . 

613*2K 

Thermal efficiency = = 0*523 or 52*3 per cent. 

1 1 /2*7iv w 
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Mean eHectivo pressure (M.E.P.) 


PcVo - P D V'i> PjjVb - P*V A 


n — l 



= 73*1. 


Case II. Diesel cycle, (tfig. C23). — The compression curve AB is 
the same as in Case 1. At the end of the compression heat is supplied 
at the constant pressure 200 while the volume is increased by the 
amount BC (dotted line). The dotted curve CD is the expansion 
line. 

As in Case I, Tb = 781*8. The heat supplied between B and C is 
the same as in Case 1, hence, (T 0 — 78l*8)Kp = 1 1 72*7 K„. 


Therefore To = 1 ^ ‘ + 781 8 = 1619-4. 

As in Cs.se 1, V„ = 0-1 572V A . Vo = V,J‘ : = 0-3250V A . 

J B 

P„V|, l< = PcVo 1 '*. * 11 dice P D = 41-57. 

t,!- = ?'\ hence T„ = 1033-7. 

4 a 4 a 



Heat received between 1» and C = 1172-71C 0 . 

Heat rejected between Dand A = (1033-7 — 373)K„ = C60-7K,,.. 
Heat converted into work = (1172-7 — 660'7)K„ = 512-0K P . 

Thermal efficiency = = 0-437 or 43-7 per cent. 

3 1172-7K,, 1 


Pk(Vc - Y b ) + 


M.E.P. = 


PcVc - Pi.V„ 
n — 1 
Va — V„ 


P B Vn - PaV a 
n — 1 


= 61-0 


Cask III. Diesel eyrie (Fig. C24).— P A = 15. P B = Pc- = 500. 

i 

P„Vb W = PaV a 1-4 , therefore, V» = V A ^J 4 =0-0817 V A . 


T b =T a 


Pi,V„ 

PaVI 


= 1015-8 
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The heat supplied between B and C is the same as in Cases I and 
II, namely 1172-7K,,. 

Hence (T c - 1015*8)K^ = 1172-7K*, 

therefore, Tc = — ^ * + 1015*8 = 1853*4. 


Vc = VnT C = 01491Y a . PdV,) 1 ' 4 = F c Vc \ hence Pn = 34 8. 

J B 

Z D = J ”, hence ’J’ D = 865-4. 

I a Pa 


Heat received between B and C = 1172-7K,,. 

Heat rejected between D and A := (805*4 — 373)K fl = 492*4K^ 
Heat converted into work = (1172*7 — 492*4)K„ = G80*3K W . 


680-3K 

Thermal efficiency = ^ ^ } — 0*580 or 58*0 per cent. 


M.E.P. = P B (V C - y B ) + 


PrV c - P r ,V D P B V B - P A V A 


« - 1 
V A — V B 


- 1 


74*5. 


Cask IV. Diesel cycle. (Fig. 024).- P A = 15. P B = Pc = 335. 
Proceeding as in Case 111 the results are as follows. — 


V B = 0*1 088 V A . T b = 900*3 T c = 1744. 

Vo = 0*2094 V A . P D = 37*3 T D = 932*5. 

Thermal efficiency = 0 523 or 52*3 per cent. M.E.P. = 69*2. 

The data and results of these four cases may now be tabulated. 
V A , which is the same in each case, will be taken as 1 cubic foot. 


Comparison of Ideal Otto and Diesel Cycles 


Otto Diesel Diesel Diesel 
f II. III. i IV. 


Maximum pressure P ( - 

Compression pressure P« . 

Compression ratio V A V B 

Expansion ratio Vj> V ( - 

Maximum temperature T ( « — 273 . . °C 

Compression temperature T B — 273 . °C 
Stroke volume V A — Vji . . . c. ft. 

Thermal efficiency ... per cent. 
M.E.P. * p m ... lb. per sq. in. 
Work per cycle = 144 P m (V A — V Ti ) ft.-lb. 
Stroke volume (V A — Vp.) for the work 
8374 ft.-lb. per cycle in each case . 
■Relative fuel consumption for the same 
work per cycle 


500 

200 

G*3G 

6*36 

1682 

509 

0*843 

52*3 

73*1 

8874 

0*843 

1*00 


200 

200 

G*3G 

3*07 

1340 

509 

0*843 

43*7 

61*0 

7405 

1*010 


1*20 


500 

500 

12*24 

6*71 

1580 

743 

0*918 

58*0 

74*5 

9848 

0*827 

0-90 


335 

335 

9*19 

4-78 

1471 

633 

0*891 

52*3 

G9*2 

8879 

0- 890 

1 - 00 
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Comparing Cases I and II, in which the compression ratio is the 
same, it is seon that the Otto cycle is considerably more efficient than 
the Diesel cycle. In Case TV the efficiency of the Diesel cycle has been 
raised to equal that of the Otto cycle, by increasing the compression 
ratio from 6*36 to 9*19. In Case III the compression ratio has been 
raised to 12*24 causing the efficiency to rise to 58 per cent. In each 
case the total volumo of the cylinder is the same, but the stroke volume 
is not the same, as is shown by the values of Va — Vb- The second line 
from the bottom of the table shows what the stroke volume would have 
to be to m/ike the work per cycle the same as in Case I and the bottom 
line shows, for this altered stroke volume, the relative fuel consumption 
which before was the same in each case. 

The foregoing calculated results are of course ideal and do not 
agree with the results of actual practice. The temperatures Tr and To 
for instance are much higher than the corresponding temperatures in 
practice under similar conditions as to pressure and compression ratio. 
A comparison of the results in the different cases is nevertheless 
instructive. 

376. Specific Heat of Gases in Foot-Pounds per Cubic Foot.— In 

dealing with solids and liquids it is most convenient to express specific 
heat as the amount of heat required to raise a pound weight of the 
substance one degree in temperature, the result being { n C.TT.U. or 
B.Th.U. according as the temperature scale is Centigrade or Fahrenheit. 
In dealing with gases, however, it is generally more convenient, in 
internal combustion engine problems, to express the specific heat in 
foot-pounds per cubic foot of gas at standard pressure (14*7 3b. per sq. 
in., or 760 mm., or 29*92 inches of mercury) and temperature (0° C.). 

Conversion of specific heat from one system of units t-o the other is 
quite simple. Take the case of nitrogen for example. In C.H.U. the 
specific heat of nitrogen at constant pressure is, K,, = 0*235 + 0 000, 04/, 
where / is the temperature in degrees centigrade. At standard 
pressure and temperature the weight of a cubic foot of nitrogen is 
0*0781 lb. Hence the specific heat of one cubic font of nitrogen is 
(0*235 + 0000,04/) x 0*0781 C.H.U. But one C.ll.U. is equal to 
1 400 ft.-lb., therefore, 

K,, = (0*235 + 0*000, OR) x 0*0781 x 1400 = 25*69 + 0*00 137/ ft.-lb., 

and the mean specific heat from 0° to /° is, (see Art. 9, p. 6) 
h 0 = 25*69 + 0*00219/ ft.-lb. 

Specific heat at constant volume is converted in the same 
way, that is, by multiplying by the weight of a cubic foot of tlie gas at 
standard pressure and temperature, and by 1400, the mechanical 
equivalent of heat. 

In this new way of expressing the specific heat of a gas, the practice 
is to use the Centigrade scale of temperature exclusively. 

For convenience of reference the specific heat of various gases, at 
constant volume, required in internal combustion engine problems are 
tabulated below in both systems of units. 
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Specific Heat of Gases at Constant Volume . 


i 

i 


C. II. Us (per lb.) 

Ft.-lb per cubic foot. 

K t . = 0*165 +0*000,04/. 

/c,. = 0 • 105 + 0 * 000,02/. 

K„= 18-04 + 0*00437/. 
k„ = 18-04 + 0-00219/. 

K r = 0-140 -(-0-000,04/. 
ft,. = 0-149 + 0-000,02/. 

K, = 18-61 + 0-0060/. 
k v = 18-61 + 0*0025/. 

K,. = 0*1G2 + 0*000,04/. 
k, =0*162 +0*000,02/. 

K, = 18-30 + 0-00452/. 
hr = 18-30 + 0 -00220/. 

K t .= 0-150 + 0*000,117/. 
hr = 0*150 + 0*000,058/. 

K,. = 26-0 + 0*0202/. 

^ = 26-0 + 0-0101/. 

K,. = 0-321 +0-000,234/. 
k t , — 0*321 + 0*000,117/. 

K„ = 22-0+ 0-0167/ 
k r = 22-9 + 0-0084/. 


It will bo noticed that the specific heats of N 2 , 0 2 , and air, ex- 
pressed in foot-pounds per cubic foot, are nearly the same. Langen’s 
formula; for these gases and for CO, in foot-pounds per cubic foot, are 

K v = 18*6 + 0-00466/, and k B =186 + 0-0023;!/. 

The formula? for C0 2 and H 2 0 in the al>ove table are; also 
Lan gen’s. 

In dealing with water vapour or steam (H 2 0) it * 3 usual, in internal 
combustion engine problems, to assume that at temperatures below the 
boiling point the H 2 0 remains in the gaseous state and behaves like 
the other gases. Hence the weight of a cubic foot of water 
vapour at standard pressure and temperature would be taken as 

— x 0 0373 = 0*051 lb., where 0-0373 is the weight of a 

o 

cubic foot of steam at 14*7 lb. per sq. in. and 100° C. 

The formula for the specific heat of a mixture of gases may be found 
from the formulae for the specific heats of the constituents as shown in 
the following example. 

Example. — The products of combustion in a gas engine cylinder 
consist of N 2 and 0 2 , 0*83; C0 2 , 0*05; and H 2 0, 0*12, by volume, 
reduced to standard pressure and temperature. This may be taken as 
a normal gas engine mixture. .Using Langen’s formulae for the con- 
stituents the formulae for the above mixture are — 

K v = 0*83(18*6 + 0-00466/) + 0*05(26-0 + 0*0202/) 

+ 0*12(22*9 + 0*0167/) = 19*49 + 0*00688/, ft.-lb. 

and k v = 19-49 + 0 00344/, ft.-lb. 

The density of this mixture is 0*0783 lb. per cubic foot at standard 
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pressure anrl temperature. Hence, dividing the above expressions by 
0*0783 x 1400 the following formulas are obtained, 

K v = 0*178 + 0-000,0628/, C.H.U. 
and 1c v = 0-178 + 0*000,0314/, C.H.U. 

The value of R in the gas equation PV = RT is 99*03 for the 
above mixture, P being in lb. per sq. ft., V in cubic feet, and T absolute 
temperature Centigrade. 

377. Specific Heat Formulas for Normal Gas Engine Mixture. — 
The expressions for the specific heat at constant pressure and the 
specific heat at constant volume are, in general, sufficiently accurate 
when stated in the form, 

R 

Kj, == a + 8t, and K„ = b 4* *t- But, K p — K v = j 

Hence, for the normal gas engine mixture, c( — b = 

= 0-0707 C.H.U. 

Expressions for K p and lc 2 , corresponding to those for K v and Jc v 
determined in the latter part of the preceding Art., for the normal gas 
engine mixture, may now be found. Both sets of formula? are here 
tabulated. 

Specific Beats of Normal Gas Engine Mixture ( Lange a Formulas ). 


C.H.U. (per lb.). 


[■'t.-lb. per cubic foot. 


K p 0-248 + 0 -000,0(328/. 
k } , = 0-218 + 0*000,0314/. 


K„= 27*24 + 0*00688/. 
k,,= 27-24 + 0-00344/. 


K,.~ 0-178 + 0-000,0628/. 
/c, = 0*178 + 0*000,0314/. 


K,. =* 19-49 + 0-00688/. 
k v = 19*49 + 0-00344/. 


In the 1908 report of the Gaseous Explosions Committee of the 
British Association a curve is given showing the relation between the 
internal energy and the temperature for the normal gas engine mixture. 
From this curve Mr. H. E. Wimperis deduced the formula, 
Kp = 0*172 + 0-000,075/. This formula and those derived from it are 
here tabulated. 


Specific Beats of Normal Gas Engine Mixture (Wimperis Formulas ). 


C.H.U. (per lb.). 

Ft -lb. per cubic foot. 

K„ a* 0*243 + 0*000,076/. 

Kp =s 26*60 + 0*0082/. 

k v = O' 243 + O' 000,0375*. 

26-60 + 0*0041/. 

K„ = 0*172 + 0*000,075/. 

K. = 18-85 + 0-0062*. 

k v - 0-172 + 0-000,0375/. 

k, - 18-85 + 0-0041*. 
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More recent formulae for the specific heats of the norma) gas engine 
mixture are those of Stodola given below. 

Kj, = 0-2541 + 0-000,0584 - 0-000,000,00725^ 

fc, = 0 • 2541 + 0 • 000,0294 - 0 • 000,000,002424- C H U 

K„ = 0- 1834 + 0-000,0584 - 0-000,000,007254’ ( put Ib ')- 

k„ = 0-1834 + 0-000,0294 - 0- 000,000,002424 s 


K,, = 27-85 + 0-006304 - 0-000,000,7954’ 

K = 27-85 -(- 0-003184 - 0-000,000,2654’ Foot-pounds 

K, = 20-104 + 0-006364 - 0-000,000,7954’ per oub, ° foot ' 
hr = 20- 104 -f 0-003184 - 0-000, 000,2654’ 


378. Internal Energy of Normal Gas Engine Mixture. — The 

general formula for the mean specific heat of a gas from 0° C. to /° C. 
may be taken as lc 0 = b + si, 
ft.-lb., and the internal 
energy of the gas, above 
that which it contains at 
0° C., is (b + st)t y ft.-lb. 

Taking the normal gas engine 
mixture, and the Langen 
formula for its /•„, tho ex- 
pression for the internal 
energy is (19-49 + 0-00344/jf, 
ft.-lb. per cubic foot. This 
is represented by the curve 
L in Fig. 625. The upper 
part of the British Associa- 
tion curve for the same mix- 
ture is shown at W and the 
upper part of the Stodola 
curve is shown at S. The 
curve S crosses the curve L 
at T and the curve W crosses 
the curve L at N, The lower 
parts of the curves W and 
S lie very near to that of L and for the sake of clearness they have 
been left out. 

To be of use in solving problems the internal energy curve should 
be drawn to a large scale on squared paper. 

Example L — Let it be required to lind by how much the internal 
energy of a cubic foot of normal gas engine mixture is increased when 
its temperature is raised from 250° C. to 1 400° C. at constant volume. 

From the curve of Fig. 625. on a large scale the internal energy is 
5100 ft.-lb. at 250° C. and 34,000 ft.-lb. at 1400° C. The increase in 
internal energy is therefore 34,000 — 5100 = 28,900 ft.-lb. 

Or, by calculation : 

Internal energy at 250° C. = (19*49 + 0 00344 x 250) x 250 = 5087 
1400° C. = (19-49 + 0-00344 x 1400) x 1400= 34,028. 
Therefore, increase in internal energy = 34,028 — 5087 = 28,941 ft.-lb. 
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Example II. — A cubic foot of normal gas engine mixture at 
240° C. has its internal energy increased by 30,100 ft.-Jb. The 
volume remaining constant, it is required to find its new tempera- 
ture. 

From the chart the internal energy at 240° C. is 4900. Adding 
30,100 to this gives 35,000 ft.- lb. as the energy at the new temperature, 
and from the chart the new temperature is found to be 1430° C. 

Or, by calculation : 

Internal energy at 240° C. = (19*49 + 0*00344x240) x 240 = 4876. 

Internal energy at new temperature, /, = 4876 + 30,100 = 34,976. 

Hence, 19*49/ -f 0-00344/ 2 = 34,976, a (juadratic equation which, 
when solved, gives / = 1432° O 

For this typo of problem the chart saves the labour of solving a 
quadratic equation. 

379. Volumetric Efficiency. — If v denotes the volume, reduced to 
standard pressure and temperature, of air and gas, or air and fuel 
vapour, drawn in to the cylinder during a suction stroke, and if V 
denotes the volume swept through by the piston in one stroke, then v/Y 
is the volumetric efficiency. 

The volume v is made up of two parts, v x the volume of the gas or 
fuel vapour, and v% the \olume of the air. In the case of gas engines 
the gas generally passes through a meter and is therefore readily 
determined, but r 2 is not so easily found. The air consumption is of 
course very much greater than the gas consumption and the direct 
measurement of the volume of ail* used is not very frequently made. 
The amount of air used may be determined from analyses of samples 
of the gas and the exhaust products, but with hit-and-miss governing 
the samples of the exhaust products should be taken during working 
cycles only if great accuracy is aimed at, and this requires the provision 
of a special mechanism to automatically close the sampling tube during 
idle cycles. 

In four-stroke cycle gas engines working under normal conditions 
the volumetric efficiency is about 81 per cent, at full load. With 
hit-and-miss governing the volumetric efficiency increases as the load 
decreases, being about 84 per cent, at half-load, and about 88 per cent, 
at quarter-load. 

380. Suction Temperature. — Although the exhaust and suction 
strokes may not take place at atmospheric pressure, the final pressure 
in these strokes is generally nearly atmospheric and in what follows it 
will be assumed that the final pressure in the exhaust and suction 
strokes is atmospheric. 

A fresh charge entering the cylinder is heated in two ways. It is 
heated by contact with the hot metal surfaces. It is also heated by 
mixing with the hot gases which remain in the clearance space from 
the previous cycle. Imagine that the heating of the fresh charge by 
the hot metal surfaces takes place before the heating by mixing 
with the hot gases. The heat imparted by the hot metal surfaces 
must then he sufficient to raise the fresh charge to an absolute tem- 
perature T and expand it from the volume v to the volume V, where v 
and V have the meanings given to them in the preceding Art. (see 
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y t 

Fig. 626). Hence and for a given volumetric efficiency 

T is fixed. 1 

Let V c denote the clearance volume, T e the absolute temperature 
of the gases left in the clear- 
ance space, and T # the final 
absolute temperature of the 
hot gases and fresh charge. 

The hot gases in the clear- 
ance space, on mixing with 
the fresh charge will shrink 

to a volume Y / = - * V c and 

1 f 

T 

the fresh charge will expand to a volumo V' = Y. But all the 
gases being at the same pressure, 



Fig. 626. 


V', + Y' = £ V, + J v = V c + V. Therefore, T s = 

T„ + T 


and t s (called the miction temperature) = T*, — 273. 

It is usual to assume that t e = T e — 273 is the same as the 
temperature of the exhaust gases leaving the cylinder, a temperature 
w hich may readily be taken, but it should be taken as near to the 
cylinder as possible. 

Example. — Let V c = 025' V, t e = 577° C., and v/V = 0 82. Then, 

T = 273- = ,f' 3 = 333° C. absolute. 
v 0*82 



O’ 25 V + Y 
0*25 V V 
850 ‘ 333 


379° C. absolute = 106° C. 


It is interesting to observe that for a given volumetric efficiency 
there is a certain minimum suction temperature. In the above example 
this minimum temperature is 333 — 273 =s 60° O., and the amount by 
which the actual suction temperature exceeds the minimum depends on 
the temperature of the gases in the clearance space at the end of the 
exhaust stroke. 

The results of the formula given above for the suction temperature 
have been plotted in Fig. 627 for three different volumetric efficiencies. 
These results are based on the assumption that V c = 0*25V, that is, 


1 If the absolute temperature of the charge, before entering the cylinder, is T', 
v' T' 

its volume v ' will be such that . - • On receiving heat from the hot metal 

jl Y rp/ 

surfaces the volume v' will ohange to V and J, ■» . Hence ~ X v , «* ^73 x jv 

V T 

Therefore, ^ ^ and the temperature T' need not be considered. 
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that the compression ratio is 5 to 1. It is instructive to notice that, 
with a given volumetric efficiency, the variation in the suction 
temperature is very much 
smaller than, the corre- 
sponding variation in the 
exhaust temperature. For 
instance, with a volu- 
metric efficiency of 80 per 
cent, the suction tempera- 
ture only rises 10° C. 
while the oxhaust tem- 
perature rises from 400° C. 
to 000° <3. • 

381. Adiabatic Ex- 
pansion or Compression 
with Variable Specific 
Heats. — Tn what follows 
quantities of heat will he 
in foot-pounds per standard* cubic foot of the gas or gaseous mixture 
and there will therefore be no need to introduce the mechanical equi- 
valent of heat J . 

The formula? for the specific heats will be taken as 
K/> = a + »T, and K y = ft + si\ 

where a = a — 273*, and (3 = b — 273*, n, b y and s being the con- 
stants in the formula? KjJ = a + $/, and K v = b + si previously 
used. 

Let a small quantity of heat SQ bo given to (or taken from) a 
gaseous mixture whose pressure is 1 J lb. per square foot, volume V 
cubic feet, and absolute temperature T. 8P = change in pressure, 
8V = change in volume, and 8T = change in temperature. 

The change in internal energy is K,8T, and the external work 
done is F8V. 



Ilonce, SQ = K ,3T + l’SV, and, = K,.^ + 1\ 

a V a V 

B,„, T-^', thortfon-, + 

- k'( p + \w) + p - “ £( P + V £) + P 
= a-^[ P <“ + * T ) + V iv» +,T >! 

For adiabatic expansion or compression 8Q = 0. 
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PV 

Dividing by PV and inserting j - for T, 

IV 

1 / , PV\ , 1 rfP/ , PV\ .. 

vv a + * iJ + p;rv(^ + *ir) = a 

<*V *P 

a V + it ^ p + it ^ p ~ °* 

,2V dP » 

a V + ^p +k( P(1V + W ) = 0 - 

+P d y+U<KW) = Q 


Hence by integration, 

« log e V + log e P + PV = 0, a constant 
or, a log,, V + /? log e P + sT = C. 

To use this for constructing the curve, first put 

log,. P = log e It + log c T - log e V, sinc.e PV = RT. 
Then (a - fi) log e V + P log e T + sT = V t 

mid , 

c a 

a ““ P 

- , i v Ox — (2-3026/3 log T 4- sT) 

or fur common logs., log V = 2*30‘>6(a - 0) 

r . .. , ^ 2*3026a log T + *T - C* 

- oU2u(a — p) 


The values of the constants C, Oi, and C 2 are determined from a 
point on the curve for which P, V, and T are known. 

For selected values of the corresponding values of P and V may 
bo calculated by means of the last two equations above. 

Pressures in lb. per square inch (p) may lie used instead of P as 
this simply involves a difference in the constant C or C 2 , then for 
symmetry v may be used instead of V. 

Example. — A standard cubic foot of normal gas engine mixture, 
having an absolute temperature 22/50° C., a pressure of 430 lb. per 
square inch, and a volume tq, expands adiabatically until its volume is 
5tq. It is required to construct the pressure- volume curve. 

For this mixture, a = 25*36, 0 = 17*61, a — 0 = 7*75, and 
s = 0*00688. 

Using common logs, and expressing volumes as multiples of v 1 — 


2*3026(a - 0) log u + 2-30200 log T + *T 

= 2-3026 x 7*75 log 1 + 2*3026 x 17*61 log 2250 + 0*00688 x 2250 
= 151*408, which is the value of the constant Cj 

„ , 151*408 — 40*549 log T - 0-00688T 

Hence, log v = 17 .« 46 
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Also, 2'3026(a - p) log p «- 2*3026a log T - sT 

= 2*3026 x 7*75 log 430 - 2*3026 x 25*36 log 2250 

- 0*00688 x 2250 

= - 164*233 = - C 2 


Hence, log p = 


58* 394 log T + 0 00688T - 
17*845 


164*233 


Starting with r r = 2200° and taking other values of T at intervals 
of 100°, corresponding values of v and ji> are determined by m eans -of 
the above formulae, and plot- 
ting these the “pv” curve 
shown in Fig. 628 is ob- 
tained. The ffciperature 
curve, T — 273 = t is also 
shown on the same base. 

The student is recommended 
to work out this example 
and construct the curves to 
a fairly large scale on squared 
paper. 

The exact temperature 
and pressure for the volume 
5 . can only be found by a 
series of trials, or by noting 
where the temperature and 
pressure curves cross the 
volume 5 line. In this ex- VOLUME 

ample T = 1490°, very Fig. G23. 

nearly, and p = 56 ’85 lb. per 
square inch, for the volume 5. 

382. The Curve pu n - C which approximates to the true Adia- 
batic. — Referring to the adiabatic of the preceding Article, a curve 
of the form yv n = C can be found which approximates to it and has 
under it the same area as that under the adiabatic. 

If Tj and T 2 are the absolute temperatures at the beginning and 
end of the adiabatic expansion, then the value of the index » in the 
equation pv n = 0 for the curve which approximates to the adiabatic 

« + *(T 1 + T 2 ) 

is given very approximately by the formula n = — ■ ■ "* 

/? + *(T 1 + T 2 ) 

A 



Applying this formula to the example of the preceding Article, 

25*36 -f 0*00344(2250 -f 1490) 

17*61 + 0*00344(2250 + 1490) 

Constructing the curve pi? 1 * 25 = 0, the difference between it and 
the adiabatic is too small to be clearly shown in Fig. 628, but if the 
student will add this new curve to his drawing of the adiabatic, it will 
be found that the relation of the one curve to the other will be as 

2 m 
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shown, greatly exaggerated, at (a) in Fig. 628. The dotted curve at 
(a) is the curve pv 1 ' 25 = (J, and the other is the adiabatic. The upper 
part of the adiabatic lies above, while the lower part lies below the 
other. 

It will be instructive to compute the areas under the two curves. 
Taking the adiabatic as applying to a standard cubic foot of normal 
gas engine mixture, which was assumed in constructing the curve, the 
area under the curve represents the loss of internal energy during 
expansion from the temperature 2250 — 273 = 1977° C. to the temper- 
ature 1490 — 273 = 1217° C. This loss of internal energy is, using 
the formula previously given, 


(19*49 + 0-00344 x 1977) x 1977 

- (19*49 + 0*00344 x 1217) x 1217 


163 ft.-lb. 


To compute the area under the curve po 1 ’ 27 ' = C, in ft.-lb. per 
standard cubic foot of mixture, it is necessary to know the actual 
volume v± at the beginning of the expansion. The standard cubic 
foot is measured at 0° C. and 14*7 lb. per scpiare inch. At the be- 
ginning of the expansion the temperature is 2250° C. absolute and the 

2250 14*7 

pressure is 430 lb. per square inch, therefore X = 0*2818 

cubic foot. 

The pressure at the end of the expansion for the curve jtv 1 " 25 = C, 
/ v \i-25 /1\1*25 

is, p. 2 = _pi ( ) = 430( -J = 57*51 lb. per square inch. 

The area under the pv v27> = C curve ^ given by 

144(430 x 1 - 57*51 x 5) X 0*2818 = ^ U2 f fc 4b 


which is in close agreement with the area, 23,163 ft.-lb., under the 
adiabatic. 

383. Ideal Efficiency of the Otto Cycle with Actual Mixture and 
Variable Specific Heats. — A method of determining the ideal efficiency of 
the Otto cycle, using the actual gaseous 
mixture and allowing for the variation 
of the specific heats with changes of 
temperaturo, will here be considered 
with reference to a numerical example. 

Consider a standard cubic foot of 
gaseous mixture containing 10 per 
cent., by volume, of coal gas having a 
calorific value of 300 C.H.U. per cubic 
foot, the remainder being air and 
products of combustion from the pre- 
ceding cycle. This charge will be 
assumed to have a temperature of 100° C. and a pressure of 14*7 lb. 
per square inch at A, Fig. 629, the beginning of the compression stroke. 
The compression ratio will be taken as 5. For the compression curve 



Fig. 629. 
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AB it is usual to assume that it follows the law pv 1 ' 31 = C, which means 
that for this part of the cyq|e the variation in the specific heat is 
neglected. This is justified by the fact that before combustion the 
variation in the specific heat of the mixture is not so great as it is 
after combustion, also the increase in temperature is not so large. 
The index 1-37 corresponds to = *20*95 ft.-lb. per cubic foot. 

With a compression ratio of 5 the pressure at B is 14*7 X 5 1 * 37 
= 133*3 lb. per square inch, and the temperature is 373 x 5 0 * 37 = 677° C. 
absolute or 404' 5 C. 

The internal energy at B is 404 x -20*95 = 8464 ft.-lb. 

The rise in temperature between A and B is 404 — 100 =304 ’ C., 
and the increase in internal energy between A ami B is 304 X 20*95 
= 6369 ft.db. wflich is also the work of compression. The work of 
compression may also bo found from the area under AB as follows. 
The volume of the standard cubic foot of mixture at B is 


677 14*7 

273 X 133-3 


0-2735 cubic foot. 


Work of compression 

144(133*3 x 1 - M*7 x 5) x 0*2735 
1*37 - 1 


6365 ft.-lb. 


which agrees with the result obtained above in a much simpler way. 

Combustion takes place at B and the amount of heat produced is 
0*1 x 300 x U00 = 42,000 ft.-lb. 

The internal energy at C is 8i64 + 42,000 = 50,464 ft.-lb. 

The usual chemical equations show that a. standard cubic foot of 
mixture shrinks to less than a standard cubic foot of products after 
combustion. In this case it will be assumed that the volume of the 


products is 0 97 of a standard cubic foot. Hence, the internal energy 

50,464 

of a standard cubic foot of products at C will be ’ - = 52,025 ft.-lb. 


From the internal energy curve or by calculation as explained in 
Art. 378, p. 524, the temperature corresponding to this amount of 
internal energy is 1978° C. or say 2250° C. absolute. 

The pressure at C is 133*3 x ^r 7 - 7 - X 0*97 = 429*7, say 430 lb. per 
square inch. The multiplication by 0*97 allows for the shrinkage of 
volume mentioned above. 


The next step is to find the temperature at the end of the adiabatic 
expansion Cl). The construction of this curve has been fully explained 
in the preceding Article, but for the present purpose it is not necessary 
to construct it. All that need be done is to obtain a few points on 
the temperature- volume curve in the neighbourhood of the end of the 
expansion. The data of the example in the preceding Article are the 
same as the data for the adiabatic expansion curve in the present 
case and the temperature found at the end of the expansion was 
1490 - 273 = 1217° C. 


The internal energy per standard cubic foot at D is therefore, 


(19-49 + 0 00344 x 1217) x 1217 28,814 ft.-lb. 
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The area under the curve CD is equal to the difference between 
the internal energy at C and the internal energy at D, and if the 
work of compression be deducted from this difference the result is the 
net work done, shown by the hatched area ABCD in Fig. 629. 

Therefore, not work done=0*97(52,025 — 28,814) — 6369 = 16,146 
ft.-lb. 

The heat expended for this amount of work has been found to be 
42,000 ft.-lb. 

The ideal efficiency is therefore, — 0-384 or 38*4 per cent. 

With a compression ratio of 5, as in this case, the air standard 
efficiency is 47*5 per cent. 

384. Ideal Efficiency of Diesel Cycle with Actual Mixture and 
Variable Specific Heat. — The method used in this Article is on the 
lines of that used in the preceding one and it will be best understood 
by f*pplyl n g it to a numerical example. The calculations will be given 
in brief and the student should work out the missing steps and so 
verify the results given. 

Referring to the ideal diagram of the cycle, Fig. 630, 1 lb. of air 



Fm. 630. Fig. 631. 


at A, the beginning of the compression stroke, is at a temperature of 
350° C. absolute (77° C.) and has a pressure of 14 7 lb. per square inch. 
This air is compressed adiabatically as represented by AB, the com- 
pression ratio being 15. From B to C, at constant pressure, 0*03 lb. 
of fuel is introduced into the cylinder and burned. This fuel is 
accompanied by 0 05 lb. of additional air so that at C the mixture in 
the cylinder weighs 1*08 lb. 

The composition of the fuel is : 86 per cent, of carbon, 12 per cent, 
of hydrogen, and 2 per cent, of incombustible matter which will be 
reckoned as nitrogen in the heat calculations. The lower calorific 
value of the fuel is 10,500 C.H.U. per lb. 

From C to D the mixture expands adiabatically. 

In considering the compression of the air the following specific heat 
formulae will be used. 


K P = 0*230 + 0000, 04* = 0-219 + 0-000, 04T. 

K„ = 0-162 + 0-000, 04* = 0-151 + 0*000, 04T. 

Hence, a = 0-219, £ = 0-151, a - f3 = 0*068, and 8 = 0-000,04. 
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The equation to the adiabatic compression curvo AB is 
a log e v + /3 log fl p + #T = constant. 


From this equation, using common logs, and taking o = 15 at A, 
v = 1 at B, T = 350 at A, and p = 14*7 at A, the following formulas 
are obtained : — 


. 10,827*18 

log v = - - - 


-3177 log T — 04T 
‘ 1566 


logp = 


5043 log T + 0*4 T - 11,141*72 
• 1566 - 


After a few trials with the first of these two formula?, T at B is 
found to be 998° C. absolute and therefore / = 725° C. 

Then by means of the second formula, p is found to be 628 lb. per 
square inch. 

For the curve of the form pr n = C, which closely follows the true 
adiabatic compression curve, the index n is 1*38, obtained by means of 
the formula given in Art. 382, p. 529. 

From the composition of the fuel and that of the air in which it is 
burned, the composition of the resulting mixture is found. 

The following formulae will be taken for the specific heats of the 
constituents of the mixture after combustion , 


CO* K,, = 0*195 + 0*000,1 17/. 
Ii 2 0 K p = 0-430 + 0-000,234/. 
K v = 0-212 + 0-000,038/. 
N*> = 0-235 4- 0*000,038/ 


K 0 = 0*150 4- 0*000,117/. 
K„ = 0-321 4- 0*000,234/. 
K y = 0-149 4- 0-000,038/. 
K« = 0 165 4- 0-000,038/. 


By means of the above formula? and the composition of the mixture 
after combystion the following formulae for the specific heats of the 
mixture are found. 


K p = 0-234 4- 0-000,050,8/ =0*220 4- 0*000,050, ST. 

K„ = 0*166 4- 0*000,050,8/ = 0*152 4- 0-000, 050, 8T. 

Hence, a = 0-220, = 0*152, a - p = 0 068, and s = 0*000,050,8. 

Just before the fuel and spraying air are introduced the specific 
heat at B in K,, = 0*230 4- 0-000,04 x 725 = 0*259. 

The specific heat at C is = 0-234 4- 0 000, 050, 8/, where / is the 
temperature at C. 

The mean specific heat between B and C is therefore 
0*2465 4- 0*000,025,4/. 

The heat in the 1 lb. of air at B is 

(0*1 62 4 - 0*000,02 x 725) x 725 = 128 C.H.U. 

Assuming that the fuel and the spraying air enter at a tempera- 
ture of 25° C., and taking the mean specific heat of the fuel as 0*6 
and the mean specific heat of the spraying air as 0*24, the heat taken 
up by the fuel and spraying air on entering at B is 

(725 - 25)(0-03 x 0*6 4* 0*05 x 0*24)= 21 C.H.U. 
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The heat supplied by the combustion of the fuel between B and C 
is 10,500 x 0-03 = 315 C.H.U 
Hence, 


128 + (0*2465 + 0*000,025,400 - 725 ) x 1*08 = 315 + 128 - 21. 

This is a quadratic equation which gives t = 1667° C. Therefore 
To = 1940° C. 

Internal energy at C 

= (0*166 + 0*000,025,4 x 1667) x 1667 x 1*08 = 375 C.H.U. 

External work done between B 'and C = 128 + 315 — 375 = 68 
C.H.U. 

Volume of 1 lb. of air at A = 12*39 X |f§ = 15*885 cubic feet. 

Volume of l lb. of air at B = ^ = 1*059 cubic feet. 

15 

Let I? = volume of 1*08 lb. of mixture at C. Then external work 
done between B and 0 = 628 x 144(» — 1*059) ft. -lb. 

Therefore 628 x 144(t? — 1 059) = 68 x 1400. Hence, v = 2*112 
c. ft. • 

The equation to the adiabatic expansion curve CD is, 


a log e v + /3 log c p + sT = constant. 


From this equation, using common logs, and taking v = 2*112 at C, 
v = 15*885 at A, T = 1940 at C, and p = 628 at C, and the values 
of a, /?, and 8 already found, the following formulae are obtained : 


log v = 


13001*3 - 3500 log T - 0 508T 
1566 


log p 


5066 log T + 0-508T - 13259*92 • 
1566 


After a few trials with the first of these two formulae, T at D is 
found to be 1057° C. absolute and therefore t = 784°“ 0. 

Then by means of the second formula, p at D is found to be 45*5 lb. 
per square inch. 

For the curve of the form pv n = C, which closely follows the true 
adiabatic expansion curve, the index n is 1*30, obtained by means of 
the formula given in Art. 382. 

Internal energy at I) = (0*166 + 0*000,025,4 x 784) x 784 X 1‘08 
=il57*4 C.H.U. 

Internal energy at C has been found to be 375 C.H.U. 

Work of expansion = 375 — 157*4 s= 217*6 C.H.U. = area Y, 
Fig. 631. 

Work done between B and C = 68 C.H.U. = area X, Fig. 631. 

Internal energy at A = (0*162 + 0*000,02 x 77) X 77 = 12*6 C.H.U. 

Internal energy at B = 1 28 C.H.U. 

Work of compression = 128 — 12*6 = 115*4 C.H.U. = area Z, 
Fig. 630. 

Net work done = 68 + 217*6 - 115*4 = 170*2 C.H.U. = area W, 
Fig. 630. 
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Heat supplied = 315 C.TI.U. 

Ideal efficiency = - = 0*54 or 54 per cent, 

olo 

Compression ratio = 15. Expansion ratio = ^ - 7 521. 

2*112 

Using the formula found in Art. 374, the air standard efficiency is 
60*4 per cent. 

385. Entropy Formulae with Variable Specific Heats.— The term 
entropy has been defined and explained in Art. 55, p. 59, but the 
formulae there obtained were based on the assumption of constant 
specific heat. The subject will now be further considered and allow- 
ance made for the variation of the specific heats with change of 
temperature. 

In what follows, to avoid confusion, quantity of heat will be ex- 
pressed in heat units (say C.H.U.). 

Let K p = a + kT, and K„ = fS + sT. 

For a small change in the heat of the substance 

an it , P8 V , SQ 8T , P8V 

8Q = K^l 4- --J-, and btfr = r£ = K tf T + 


But PV = ItT = (K„ - K„)JT, therefore -- = 

J I 

Hence, &p = K„^J + (K,, - K„) 
and in the limit = K„ ^ + (K ? , — K f ) ^ 

= J 8 y + » dT + (“ - P)'y 

Integrating between the limits r i\ and T 2 
T 


_ K p - K, 


v 


<h - h = P Kij,* + KT a - Tj) + (a - P) log fl - 2 (1) 

U* P 2^2 P l^l ,1 « J Vo , To Po 

Sinc(! To = f - , therefore, log e = *<>g, — - h>g c p - 


Hence, fa - fa = a log^ + #(T 2 - T x ) - (a - p) log cp 2 (2) 

For a change of state at constant volume it follows from (1) that 

4* -<h=P + <T, - T,) ... (3) 

For a change of state at constant pressure it follows from (2) that 

t 2 
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For«a change of volume at constant temperature it follows from (1) that 


&-& = («-£> HyJ • • ■ • 

(5) 

For a change of pressure at constant temperature it follows from (2) 
that 

fa - fa = - (* - p) i«g. J* . . . . 

(0) 

For constant specific heat a = K 2 „ /3 = K y , and s = 0, then the fore- 
going equations become — 

fa-fa = K„ logj 2 + (K„ - K.) log^ 2 (V) 

fa-fa = Kj, m* - (K p - Kp) log,£ . . 

(2') 

T. 

At constant volume <f> 2 — <f>\ = K„ log - 2 . . . . 

(3') 

T. 

At constant pressure (f> 2 — <f>i = Kp log r .... 

(4') 

At constant temperature <f> 2 — = (K 2> — K y ) log e y 2 . 

(5') 

= - (Kp - K.) log? 2 

1 1 

(O'; 


It will be observed that in all the foregoing formulae Napierian 
logarithms are used. Tho Napierian log of a number may be obtained 
by multiplying the common log of the number by 2*3026. 

386. Temperature-Entropy Diagram. — To construct the tempera- 
ture-entropy or T<f* diagram from the indicator or PV diagram the 
first step is to select a point on the latter diagram for which the 
temperature is known. The volume of 1 lb. of mixture in the cylinder 
for the point selected is then calculated from tho known volume at 
standard pressure and temperature. This fixes the scale of volumes 
for the PV diagram. A number of points are next selected on the 
PV diagram, and for these the temperatures and entropies are calcu- 
lated, and these when plotted give the contour of the T<£ diagram 

The calculation of the temperatures and entropies may be avoided 
by using a T<£ chart, to be explained in the next Article, but it will be 
instructive to dispense with the chart for the present. 

The case of an ideal PV diagram of the Otto cycle, with adiabatic 
compression and expansion, and with air as the working fluid, will first 
be considered. In this case the specific heats will bo assumed to be 
constant. 

The PV diagram is shown in Fig. 632, The point first selected is 
A at the beginning of the compression stroke where the pressure is 
15 lb. per square inch and the temperature assumed to be 100° C. or 
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373° C. absolute. At standard pressure and temperature thfc volume 
of l lb. of air is 12*39 cubic feet. The volume of 1 lb. of air at A is 

therefore 12*39 X X = 16*59 cubic feet, which fixes the 
10 2 / *5 

scale of volumes. In this case the compression ratio is 5 and it will 
be simpler to take the relative volumes instead of the actual volumes, 
the clearance volume being taken as 1. 

PV = RT for all points on the PV diagram, therefore for any 

point and T* = 4 973 p x v x . 


373 


The relative volumes and the pressures are tabulated for the 
selected points and also the values of T calculated from the foregoing 
equation. In this case no intermediate points are solocted on the 
compression or expansion curves because, these being adiabatics, the 



2 3 

VOLUME 
Fio. 632. 


L o-io 

ENTROPY 

Fig. 633. 


N' 0-20 N 


entropy for all points on AB is the same as at A, and the entropy 
for all points on CD is the same as at C. 


rt. x 

. . - 

A 

B 

3 

4 

5 

C 

D 

8 

9 

ttol. V 

5 

1 

1 

1 

1 

1 

5 

5 

5 

V 

15 

142*8 

170 

220 

290 

357 

37-5 

30 

20 

T 

373 

710 

845 

1094 

1442 

1775 

932 

746 

497 


0*0 

0*0 

0 029 

0*073 

0*120 

0-155 

0155 

0*117 

0*048 


0*073 

0*073 

0*102 

0*14G 

0*193 

0-228 

0*228 

0*190 

0*121 


The zero of entropy is taken at 0° C. or 273° C. absolute. 

For air the specific heats are taken as, K*, = 0*237, and 
K„ = 0*169. 

Denoting the entropy of air at 273° C. absolute, and 14*7 lb. 
per square inch, by < p Q . Then by equation (2'), p. 536, adapted to 
common logs. 

* A - <*„ = 2-3026K p 1og - 2'3026(K P - K„) log^ 
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But o = 0, therefore the entropy at A is 

<t> A = 0-546 log HI - 0157 log^ = 0-073 = <#>B 

Changes along BC are changes at constant volume, therefore by 
equation (3'), p. 536, adapted to common logs — 

4> 3 - <£ b = 2-302G x 0;169 log ff* = 0*029 = - </> A . 

And 3 = 0*073 + 0*029 = 0*102. 

In like manner the entropies at 4, 5, and C are found as tabulated, 
and <f> D = </> c . 

Changes along DA are changes at constant volume, therefore by 
equation (3'), adapted to common logs — 

= 2*3026 x 0-169 log Iff = 0*117. 

And </> 8 = 0*073 + 0*117 = 0*190. 

In like manner «£ 0 is found. 

The values of T and </> found are plotted, and the resulting T<f> 
diagram is as shown in Fig. 6 33. The hatched area in Fig. 633 
represents tho work done during a cycle, in heat units (C.H.IJ.) 
per lb. of air in the cylinder, and the hatched area in Fig. 632 
represents the same amount of work in foot-pounds. If both areas be 
expressed in terms of tho same unit, say, ft.-lb., the results should be 
the same. 

The area LBCN, Fig. 633, represents the heat supplied per lb. of 

. , , . . area ABCD 

air per cycle and the efficiency is = - - T - . 

area LBCN 


In Art. 370, p. 515, it was shown that tho air standard efficiency 
for the Otto cycle was 1 — ^, T> - ^ ' V = 1 — ^ = 1 — r ^ A . Hence, 

efficiency is = = ^(Fig- 633) = T \“ Ta = 633). 

The student should now have no difficulty in proving that if any 
ordinate O'D'N' lie drawn in Fig. 633 the ratio of G'D' to C'N' is 
constant. 


Another examplo will now be worked out on the lines of the 
preceding one, except that an actual indicator diagram will be used, 
and a normal gas engine mixture will he taken as the working fluid, 
also the specific heats will be assumed to vary with the temperature. 

The indicator diagram is given in Fig. 634, and to enable the 
student to work out this example fully the volumes and pressures at a 
sufficient number of points are given so that the diagram may be 
accurately redrawn to enlarged scales and further selected points taken 
where thought necessary. 

The point A at the beginning of the compression stroke is taken as 
the starting point. Here the pressure is 14*7 lb. per square inch and 
the absolute temperature 370° C. 

The specific heats of the mixture are, K p = 0*231 + 0*000,0628 T, 
and K„ = 0*161 + 0*000, 0628T. Therefore a = 0*231, fi = 0*161. 
a — /? = 0*07, and * = 0 000,0628. 
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For adaptation of the entropy formulae to common logarithms, 
2-3026a = 0*532, 2-3026/? = 0 371, and 2 3026(a -/?) = 0-161. 

The volume of 1 lb. of mixture at standard pressure and tempera- 
ture is 12*77 cubic feet. 

Volume at A = 12*77 X ~~ = 1 7;3 cubic feet, and from this and 
the compression ratio 6*37 the volume scale may be constructed. 

For all points on the PV diagram PV = RT, therefore for any 

= l 4 ’ 7 X } j* ,.n,l T_ - 1 -Uillo.. 

Ta — 

T 13 = 1*455 x 181 X 6 = 1580. 


point 


T x T a 370 

For example take the point 13. 



Fig. 634. Fig. 635. 


This calculation must be made for all the selected points and the 
results tabulated. 

By equation (4), p. 535, adapted to common logs, the entropy 
at A is, 

= 0-532 log m + 0-000,0628(370 - 273) = 0-0763. 

The value of — </>a for any other point x may be computed by 
means of equation (1) or equation (2), p. 535. 

Taking equation (1), adapted to common logs, and applying it to 
point 13, 

^ - 0 A = 0-371 log +0-000,0628(1580-370) 

37 0 

+0-161 log ,v.o = 0-2358, 

I i *o 

and <fo 3 = 0-2358 + 0*0763 = 0*3121. 

This calculation must be made for all the selected points and the 
results tabulated. 



540 


HEAT ENGINES 


The form of the table and the results for six selected points are 
here given. 


Toint x 

V 

V 

T 

log V 

log T 

< Px - 4>\ 


A 

17-3 

U-7 

370 

1-23805 

2-56820 

0-0000 

0-0768 

3 

10 

32 

466 

1-00000 

2-66839 

0-0049 

0-0812 

9 

2-92 

350 

1487 

0-46538 

3-17231 

0-1699 

0-2462 

13 

6 

181 

1580 

0-77815 

3-19866 

0-2358 

0*3121 

16 

12 

77 

1344 

1-07918 

3-12840 

0-2434 

0-3197 

20 

17-3 

35 

881 

1*23805 

2-94498 

0-1719 

0-2482 


v is in cubic feet, p is in lb. per square inch, and T is in degrees 
Centigrade absolute. 

The values of Tand (/> for the selected points are plotted in Fig. 635 
and the T<£ diagram obtained. To save space the absolute zei-o of 
temperature is outside the figure. 

The constant volume lines for the volumes 2' 72 cubic feet and 
17*3 cubic feet have been added. As would be expected from an 
examination of Fig. 634, the explosion curve in Fig. 635 falls away 
from the constant volume line 2’72 as it rises. 

Referring to Fig. 635 it will be seen that during compression the 
entropy increases from A to 3 and then diminishes from 3 to B. This 
shows that the mixture has been receiving heat from the cylinder between 
A and 3 and rejecting heat to the cylinder between 3 and B. Examin- 
ing the expansion curve it will be seen that the entropy increases until 
the point 16 is reached. This shows that the mixture has been receiv- 
ing heat up to this point, and since during this part of the cycle the 
mixture is probably hotter than the greater part of the cylinder, the 
heat received is most probably due to the combustion of the gas. Com- 
bustion is therefore probably not complete until the point 1 6 is reached. 
From 16 to 18, before the exhaust valve opens, the expansion is practi- 
cally adiabatic. 

387. Temperature-Entropy Chart for Normal Gas Engine Mix- 
ture. — It will have been seen that in the method of finding points on 
the T<£ diagram from points on the P V diagram described in the 
preceding Art. the chief labour is in calculating the entropies for 
the different points. This labour may be avoided by using a chart 
which is made up of a number of constant volume and constant pressure 
lines. If for a particular point on the PV diagram the volume per lb. 
of mixture in the cylinder in, say, 3 cubic feet, and the pressure is, say, 
.150 lb. per square inch, the corresponding point on the T</> diagram 
will be on the chart at the intersection of the constant volume line 3 
with the constant pressure line 150. It will be found that all the 
constant volume lines are of exactly the same shape so that a templet 
which fits one will fit all. This is also true of the constant pressure 
lines, although they differ from the constant volume lines. 

The construction of such a chart for the normal gas engine 
mixture will now be described. The constants required in the entropy 
equations have been given in the preceding Art. and are here repeated, 
namely, 

a = 0 231, p = 0*161, a- p = 0-07, and 8 = 0-000,0628 



THEORY OF INTERNAL COMBUSTION ENGINES 541 


and for adaptation to common logs, 

2*3026a 0-532, 2-3026/? = 0*371, and 2*3026(a - /?) = 0 161. 

The volume of the mixture at standard pressure and temperature 
is 12-77 cubic feet. 

For the normal gas engine mixture equation (1), p. 535, adapter! to 
common logs, is— ■■ 

0-371 log + 0-000, 0628(T 2 - To + 0161 log 
■1 1 ‘ V 1 

This mixture at 273° C. absolute, 12 77 cubic feet, and 14*7 lb. per 
square inch is taken as having zero entropy. 

If »„ =■ v 1 then «*>2 - = 0-371 log ^ + 0-000, 0628(T 2 - 1\) 

gives the difference between the entropies at any two temperatures 
T 2 and r J\ for the samo constant volume line. 

For tho 12*77 cubic feet line, ^ = 0 when r I\ = 273. Henco if 
<#> 12-77 denotes the entropy for this lino at temperature T then, 

4> l2 .„ = 0-371 log JF + 0-000, 06?8(T - 273) 

= 0-371 log T + 0-000, 0628T - 0-9210. 

Let </> io denote tlio entropy at temperature T for any point on 
tho 10 cubic feet line, then by equation (5), p. 536, adapted to 
common logs — 

<#>io — <#> 12-77 = 0-1 61 log - „„ = — 0 0171, at temperature T, 

1 { i 

Therefore, 

<#>io = <#> 12-77 - 0-0171 = 0-371 log T + 0-000, 0628T - 0*9381, 

which is the equation to the 10 cubic feet constant s^olume line, and 
selecting values of T any number of points on this line can be found 
and the line may then be drawn. In Fig. 636 this lino is marked v 10. 

If <j> x he the entropy at temperature T for a point on the v x constant 
volume line, and <#>,, be the entropy at the same temperature T for a 
point on the Vy constant volume line then, 

<t>x - h, = 0-161 log V \ 

Vy 

If Vx = 10 or -- ■ , then <f> x — <f> y — ± 0- 161, respectively. 

°y 

Hence the constant volume lines, 0*1 cubic foot, 1 cubic foot, 
10 cubic feet, and 100 cubic feet, are, at the same temperature, at 
intervals of 0-161 measured on the entropy scale. Hence after finding 
the 10 cubic feet line the others may be drawn by means of a templet 
made out of a piece of veneer or a sheet of celluloid, and used with a 
Tee-square, as shown in Fig. 637. 

Intermediate curves are obtained by dividing the spaces between 
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the above mentioned curves logarithmically as indicated in Fig. 638, 
where the divisions along MN are taken from the divisions on a slide- 
rule and mN is the interval between two of the curves representing 
volumes which are in the ratio of 1 to 10. 

In Fig. 636, for the sake of clearness, only the principal constant 


<v 71 * * <b 

o V c? o o ' 


uj1750 

cc 

P? 1500 
< 

DC 

LU 1250 


£1000 

ul 

H 750 
3 

i «x> 

CD 

< 250 



0 0 05 0-10 0-15 0-20 0*25 0-30 0-35 0*40 0-45 0-50 

ENTROPY 

Fig. 636. — Temporafcure-entropy chart. 

volume lines are shown, but on the actual chart numerous intermediate 
lines should be drawn and coloured inks should be used in inking 
them *in. 

The constant pressure lines are dealt with in exactly the same way 
as the constant volume lines. 



4 5 6 7 8 10 


Fig. 837. 


Fig. 638. 


The equation to the constant pressure line 10 lb. per square 
1 % «ko = 0*532 log T + 0*000,0628T - 1*2862. 
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and the intervals between the constant pressure lines 10, 100, and 
1000 lb. per square inch at the same temperature are each equal to 
0*161 measured on the entropy scale. The intervals for intermediate 
lines are found in the same way as for the intermediate constant 
volume lines. 

The chart must be constructed with great care on good squared 
paper and is permanent for the particular mixture for which it is 
drawn. Problems arc worked on tracing paper placed over the 
chart. 

Since the constant volume lines intersect the constant pressure 
lines at acute angles, the points of intersection are not very well 
defined, and a small error in the position of one of these intersecting 
lines causes a much larger error in the position of their point of inter- 
section. This dilliculty is overcome by making use of the temperature 
which is easily calculated. . 

It is frequently assumed that what lias been called the normal 
gas engine mixture is the mixture for any internal combustion 
engine. 


Exercises XXIII 

1. The diameter of a gas engine cylinder is II inches, the stroke is 19 inches, 

and the clearance volume is 370 cubic inches. The temperature at the end of 
admission is 95° G. (203° F.), and the pressure is 15 lb. por sq. in. absolute. The 
compression curve conforms to the equation jw l 17 =» constant. Determine tho 
pressure and temporaturo at the end of compression. , 

2. The cylinder of a four-stroke cvclo gas engine has a clearance volume l--4th 
of the volume swept through by tho piston in one stroke. Assuming that tne 
exhaust and suction pressures are 15 lb. per sq. in. absolute and that the com- 
pression and expansion curves follow the law tw* : ' 6 = constant, and that the 
maximum pressure is 2-5 times the pressure at tho end of compression, calculate 
the maximum compression and explosion pressures and temperatures, the tem- 
perature at the beginning of the compression being 95° 0. Also, assuming that 
tho expansion curve is continued to the end of tho stroke, calculate the pressure 
and temperature at that point. Lastly, computo the mean effective pressure for 

3. \ gas engine working on the Otto cycle has a cylinder f3*5 inches in 
diameter X 18 inches stroke. Tho clearance volume is C;2467 cubic foot, lhe 
weight of mixed gas and air per stroke is 0-0484 pound and its temperature at the 
end of the suction stroke is 62-8° C. at a pressure of 13-8 lb. per square inch 
absolute. The absolute pressures are : — At the end of compression, 67 8 lb. per 
square inch. At the end of constant volume explosion, 240 lb. per square inch. 
Tho volume at the end of constant pressure expansion is 0*2617 oubic foot. 

Find: (1) The tomperaturos at tho end of (a) compression, (b) explosion, 
(c) constant pressure expansion. (2) Heat added as shown by the diagram, 
\a) during explosion, (6) during constant pressure expansion. ~ 0*26. 
\r __ q.iq L u - Lj -j 

1 4 A gas engine uses 16 oubic feet of gas per I.H.P. per hour. Tho lower 
calorific value of the gas is 270 C.H.U. por cubic foot. The compression ratio is 
4*85. Calculate, (a) the indicated thermal efficiency, (b) the air standard efficiency, 

and (c) the relative efficiency. _ .. 

5 What must be the compression ratio in a Diesel engine if tho temperature 
at the end of the compression is 100° 0. above the ignition temperature of the 
oil vapour if the latter is 515° 0. ? Assume that the temperature of the air at 
tho beginning of the compression is 100° 0., and its pressure 14-5 lb. per sq. in. 
absolute, and that the compression curve follows the law pv w — constant, b md 

also the pressure at the end of the compression. . . 

6 . In a Diesel engine the compression ratio is 12-8 and the expansion ratio 
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6*8. What is the air standard efficiency? If the actual indicated thermal 
efficiency is 41 per cent., what is the relative efficiency? If the calorific valuo of 
the oil used is 10,600, C.II.U., what is the consumption of oil in lb. per I.H.P. per 
hour ? 

7. A Diesol engine has a relative efficiency of 0*55 on the brake. If tho com- 
pression ratio is 13*8 and the expansion ratio 7 ’4 and the lower calorific value of 
the oil is 10,500 O.H.U., find the consumption of oil in lb. per B.H.P. per hour. 

| U.L.] 

8 . Convert the following formula* into formulae in terms of T, absolute tem- 
perature Centigrade, * being ordinary temperature Centigrade. (L) K,, = 19 49 
+ 0*00588*. (2) K„ = 0-178 -f 0*000, 0G28*. (3) K p = 0*2541 + 0000, 058* 
- 0-000, 000.00725* 2 . 

9. If the heat roquirod to raise 1 lb. of CO a from 1000° C.. to 1001° C. is 
0*2954 C.H.U. at constant pressure, what would tho amount be at constant 
volume ? Also express both quantities in foot-pounds per volumo of gas, which 
at 0° C. and 14*7 lb. per square inch pressure is 1 cubic foot. Given that 1 cubic 
foot of CO a at 0° C. and 14*7 lb. per square inch pressure weighs 0*1231 lb. 

10. What must be the temperature of a normal gas engine mixture if its 
internal energy is 35200 ft.-lb. per standard cubic foot ? Use the formula derived 
from the Tjangen formulae for the constituents. 

11. Taking the normal gas engine mixture given in the example in Art. 876, 
p. 522, and using the Langcn formulae for tho specific heats of N a and and 
H a O but using the Holborn and Henning formula for CO a , namely, 

K„ = 26*97 -f 0*02564 * - 0*000, 00933* 2 ft.-lb. per cubic foot, 
determine K„ for the mixturo, also tho formula for the internal energy. Calculate 
by means of this formula and also by the formulas of Langcn, Wimperis, aud 
Stodola, tho internal energy of the mixturo at 500° C., 1000° C., 1500° 0., and 
2000° C. Tabulate tho results. 

12. An analysis of the exhaust gases from a gas engine gave, by volume per 
cent., reduced to standard pressure and temperature, CO a 5*7, H 2 0 12*6, and N a 
and O a 81*7. Using tho Langcn formulec for the specific hoats*of these gases, 
determine the formula for the internal energy of this mixture, and use it to cal- 
culate tho increase in the internal energy for a change of temperature from 230° C. 
to 1390° C. 

13. The exhaust gases from a Diesel engine, working at full load, were found 
to consist of, C0 2 7 per cent. ; CO, N,, and O, together, 87 per cent. ; and II 2 0 
6 per cent., by volume at standard pressure arid temperature. By means of tho 
Langen formulas for tho specific heats of those gases, find the formula for tho 
internal energy of this mixture and apply it, to find the internal energy at 
1000° C. 

14. A gas engine having a cylinder 7 inches in diameter and a stroke of 
15 inches used 0*0301 cubic foot of gas, at standard pressure and temperature, 
per working cycle. The ratio of air to gas, by volume, in a working cycle was 
found to be 8*2. Calculate the volumetric efficiency. 

15. The results of four full load tests, by Prolessors Asakawa and Petavel, of 
a four-stroke cycle gas engine, are given in the table below. The engine had a 
cylinder 11 inches in diameter and a stroke of 19 inches. Compute for each test 
the volume of gas, at standard pressure and temperature, taken in, on the average, 
in one working cycle, and then calculate the volumetric efficiency. 


Tent. 

O) 

(*> 

( a ) 

(O 

Compression ratio 

5*61 

4*85 

4*11 

3*75 

Indicated horse-power 

31-5 

31*6 

28-2 

31-0 

Revolutions per minute 

208-8 

204-0 

200-5 

203-3 

Percentage of working cycles .... 

84*9 

83-6 

80*5 

98-6 

Ratio of air to gas in average working 
cycles 

8-6 

7*9 

8*3 

7-7 

Lower calorific value of gas, B.Th.U. per 
cubic foot, 0° C., 760 mm 1 

1 497 

493 

528 

488 

Indicated thermal efficiency, per cent. . 

| 35*3 

33-5 

30*5 

29-1 
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16. Determine tho volumetric efficiency of a four-stroke cycle gas engine from 
the following data. Diameter of cylinder, 9 inches. Stroke of piston, 17 inches. 
Gas used per hour, 285 cubic feet. Pressure of gas, 14*95 lb. per sq. in. Tem- 
perature of gas, 17° C. Air used per hour, 2812 cubic feet. Pressure of air, 
14*9 lb. per sq. in. Temperature of air, 17° C. Working cycles per hour, 4890. 
He volutions per minute, 200. Assume that the pressure in the cylinder at the 
end of tho exhaust stroke, and at the end of the suction stroko, is 14*7 lb. per sq. 
in. Assume also that the volume of the charge (gas and air in a working cycle, 
and air only in an idle cycle), in standard cubic feet, is the same for an idle 
cycle as for a working cycle. Find also the ratio of air to gas, by volume, in a 
working cycle. 

17. A gas engine having a cylinder 10 inches in diameter and a stroke of 
18 inches has a volumetric efficiency of 81 per cent. The ratio of air to gas iB 8 
to 1, and tLe calorific value of the gas is 275 G.H.U. per cubic foot at standard 
pressure and temperature. Compute the amount of heat supplied to the engine 
in a working cyclo. Also, if the compression ratio is 4*9, what iH the heat value 
of tho mixture per working cycle per cubic foot of total cylinder volume ? 

18. The volumetric efficiency of a gas engine was found to bo 80 per cent. 
Tho compression ratio was 5*5. The temperature at the end of the Auction stroke 
was moasured directly and was found to be 117° C. Assuming atmospheric 
pressure in the cylinder at the end of the exhaust stroke and at the end of the 
suction stroke, compute the temperature at the end of the exhaust stroke. 

19. In a gas engine with a compression ratio of 4*8, a volumetric efficiency of 
81 per cent., and an exhaust temperature of 450° C., what is the probable suction 
temperature ? 

20. A standard cubic foot of normal gas engine mixture, at a pressuro of 
600 lb. per square inch, and an absolute temperature of 2500° C., expands 
adiabatically until its absolute temporaturo is 1600° C. Find the pleasure at the 
end of the expansion, and the expansion ratio. What is the area under the 
adiabatic in foot-pounds per standard cubic foot of the mixture ? Find the value 
of the index n in pv n = 0 which is the equation to a curve starting from the 
initial point of the true adiabatic and subtending the samo base and which has 
under it tho samo area as that under the true adiabatic. Take K*. = 25*86 
-j- 0 00688T, and K, » 17*61 + 0-00688T. 

21. A standard cubic foot of mixture in the cylinder of an Otto cycle gas 
engine contains, before explosion, 9*5 per cent., by volume, of coal gas having a 
calorific value of 290 G.H.U. per cubic foot. The temperature of the mixture at 
the end of the suction stroke is 100° C., and its pressure is 14*7 lb. per sq. in. 
The compression ratio is 4*9. Assume for the compression curve pv l 87 = constant. 
Assume a contraction of 2 per cent, in the standard cubic foot of mixture after 
explosion. The expansion after explosion is adiabatic. Take the Langen 
formula for the specific heats of the mixture after explosion. Compute the 
temperatures and pressures at the end of the explosion and at the end of the ex- 
pansion. Find also the ideal efficiency and tho air standard efficiencv. 

22. Taking K p = 0*228 + 0*000, OCT, and K ( . = 0158 + 0*000, OCT for a gaseous 
mixture, calculate the changes of entropy for the following changes of state of the 
mixture, T being in degrees Centigrade absolute, v in cubic foot per lb. of mixture, 
and p in lb. per sq. in. 

(a) From T = 4G0, and v = 11 to T * 1260, and v = 2*8. 

(b) From T = 1480, and p = 126 to T = 1100, and p = 43. 

(c) At constant volume from T = 650 to T = 1650. 

(d) At constant pressure from T = 820 to T ~ 1760. 

23 . In a PV diagram the scales are, for pressure, 1 inch to 100 lb. per sq. in., 
and for volume, 4*25 inches to 16*7 oubic feet. In the T<$> diagram tho scales are, 
for temperature, 1 inch to 500° C., and for entropy, 2 inches to 0*1 unit. How 
many ft.-lb. of work are represented by 1 sq. in. of the PV diagram, and how many 
heat units (C.H.U.l are represented by 1 sq. in. of the diagram? 

24. The area of the T<p diagram for a gas engine, measured with a planimeter, 
was found to be 11*8 sq. in., and 1 sq. in. of the diagram represented 10 G.H.U. 
Tho volume of mixture per lb. in the cylinder at the beginning of the compression 
stroke was 16*2 cu. ft., and the compression ratio was 6. From these particulars 
calculate the mean effective pressure in the cylinder during a cycle. 



CHAPTER XXIV 


PERFORMANCE OF INTERNAL COMBUSTION 
ENGINES 

388. Test of a Gas Engine. — The observations to be made and 
the method of dealing with them, in order to determine the performance 
of a gas engine, are indicated in the following example. 

Engine dimensions . — The engine, which works on the Otto or four- 
stroke cycle, has a cylinder 10 inches in diameter and a piston stroke 
of 18 inches. The clearance volume, measured by tilling the clearance 
space with water, is 353 cubic inches. The brako wheel has an 
effective diameter of 64 inches. 

Duration of trial . — 40 minutes. 

Observations — Total number of revolutions, 8080. Total number 
of explosions, 3520. Net load on brake, 202 lb. Mean effective 
pressure from indicator diagrams, 82 lb. per square inch. 

Gas used, 271 cubic feet. Pressure of gas at metre, 5*2 inches of 
water. Atmospheric temperature, 14° C. Height of barometer, 
29*5 inches. Calorific value of gas, by calorimeter, 290 C.H.U. 
per cubic foot at standard pressure and temperature. 

Weight of water passing through jacket, 403*2 lb. Temperature 
of jacket water at inlet, 14° C., and at outlet, 64° C. 


» u Dirp 3*1416 x 64 x 202 x 8080 7 

IWIi.-B.IlI, _ — y, * ' - - *»!. 

T tj t, 0-7854 X 102 x 82 x 18 x 3520 „ 

l.U.l . = ~/r ; WW T- - = i O. 

12 X 40 x 33,000 

Mechanical efficiency = = ^0*4 per cent. 


Absolute pressure of gas at meter = 29 5 + jy.g = 29-88 inches 

of mercury, where 13-6 is the specific gravity of mercury. 

Absolute temperature of gas at meter = 273 + 14 = 287° C. 
absolute. 

Gas used per minute at standard pressure and temperature 
= ”1 x 29^8 273 = 

40 * 29-92 287 

Gas used per B.H.P. per hour = — — 53 ® cubic feet. 
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__ __ . 6*436 x 60 _ . 

Gas used per I.H.P. per hour =- t.- = 15'0 cubic feet 

JD* I o 

Heat converted into work per minute 
25-76x33,000 


1400 


= 607-2 O.II.U. 


Heat supplied per minute = 6*436 x 290 = 1866*4 C.II.U. 
Indicated thermal efficiency = = 32*5 per cent. 


403-2 


Heat carried away by jacket water per min. = - X (64-14) 
504 x 100 

= 504 C.H.TJ. = — jy66'4 = P er cent * ^ ie ^ jea ^ ,su PP^ e ^* 


A heat balance may now be drayn up as follows : — 


Bent Balance. 


1 l'tr minute. 

I " ' ’ t 

| Heat converted into work 

j Heat carried away by jacket water ... ... 

| Heat lost in exhaust gases, by radiation, and unaccounted 
for (by difference) 

| Heat supplied 


C.ii.u. 

1 Per ccut. 

G07*2 

32-5 

504-0 

27-0 

755-2 

40-5* 

1866-4 

100-0 



_ 


The stroke volume is 0*7854 x 10 2 X 18 = 1413*7 cubic inches. 
The clearance volume is 353 cubic inches. 


n 1413-7 + 353 _ 

Compression ratio r = * — ^ ^ - = o-0. 

/lx 1 ' 4 - 1 /IV 4 

Air standard efficiency = 1 — ( - ) =1— f-J = 0*475, or 

47*5 per cent. 

Relative efficiency = ~~ ~ = 68*4 per cent. 


389. GaB Engine Power Losses and Mechanical Efficiency.— The 
sources of loss of power in gas engines are— (1) The friction of the 
mechanism. (2) The air resistance set up by the moving parts. The 
greatest loss of this kind will generally be the “ windage ” of the fly- 
wheel. (3) The pumping losses during the suction and exhaust strokes 
of the piston, which are represented by the negative loop of the 
indicator diagram. (4) The loss during compression and expansion 
in idle cycles, that is, in cycles in which there is no explosion when the 
engine is governed on the 41 hit-and-miss ” principle. The compression 
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curve being above the expansion curve the work of compression is not 
all recovered during expansion. 

It is often assumed that the total power loss is constant at all loads 
in the same engine at constant speed. In a long series of careful and 
exhaustive tests of a gas engine 1 Professors Asakawa and Petavel 
found that the power loss at no load was only from 7 per cent, to 
10 per cent, less than at full load. Tlio engine used was a 25 brake- 
horse-power “ National ” having a cylinder 1 1 inches in diameter and 
a stroke of 19 inches. The normal speed of the engine was 200 
revolutions per minute and the normal compression ratio 4*85. The 
details of two tests for power losses, one at full load and the other 
at no load, at the normal speed and with the normal compression ratio, 
are given in the following table : — 

Power Losses in 11 in. x 19 in. Gas Engine at 200 revs, per min. 

Compression Ratio , 4*85. 


Full Load. No Load. 


fWhen engine running witli- 

Friction losses in main I out explosion . . . 2*39 2*39 

bearings, connecting'! Additional friction due to 
rod, piston, etc. I incroased pressure >yhen 

^ oxploding 1*65 0*32 


Fly-wheel windago loss . 
Pumping losses {Exhausting 


Total 


1-30 
O 80 


4*04 

0-53 


2*71 

0*53 

1-31 

1*01 


Total I 

Power loss for compression and expansion in idle ! 
cycles j 

Total power losses in horse-power ... 

Ratio, working cycles : idle cycles 

Mean effective pressure, calculated lb. per sq. in. 

Horso.powet{f™^ a - ed ; 

Mechanical efficiency per cent. 


210 2*32 

Oil 0-G0 

6-78 G-16 

on 1:6 

81-3 936 

25 0 

31*8 6-2 

78*6 0 


Assuming that the relation between the lost power (generally called 
the friction horse-power) and the brake horse- power is a linear one, 
which is practically the case, Fig. 639 shows the variation in the 
friction horse-power (F.H.P.), the indicated horse-power, (T.H.1\), and 
the mechanical efficiency (M.E.) with variation in the load or brake 
horse-power. 

The equation for the F.H.P. line is F.H.P == 0-024B + 6-2 

The equation for the I.H.P. line is I.H.P. = 1-024B + 6*2 

The equation for the M.E. curve is M.E. = ^ - per cent. 


B = brake horse-power. 


1 “ Experimental Investigation of the Thermal Efficiency of a GaB Engine.” 
British Association, September, 1915* 
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Tests were made with various compression ratios, and the results 
are represented very approximately by the following formula?. 

| °omp™»lon Power louse.. Power loeeea. 

8-75 1 tf.H . P. = 0-0288B + 5-6 4-85 P.H.P. = 0 • 024B + 6-2 

4-11 : P.H.P. = 0024B + 5 9 5 01 P.H.P. = 0-020B ■+ 6-5 I 


From the assumption of a linear relation between the friction 
horse-power and the brake horse-power, it follows that if in any gas 
engine it is found that the indicated horse-power is J 0 at no load and 
Ij at some other load when the brake horse-power is J3 lt then at any 

brake load B the friction horse-power is F = + I 0 , 

and the indicated horse-power i: I == B + F. The speed of the engine 
is assumed to bo the 80 
same throughout. 

It may be mentioned H 70 ^ 35 

here that the object uj 60 --^30 

which Asakawa and ° 

1’otftvel had in view, in £ 50 ^ 25 ^ 

determining accurately 40 \i& 20 p 

the power losses in their 3Q ig ^ 

gas engine tests, was the w gJ 

ultimate determination 1 2o| 10 g 

of the indicated horse- in . ■ ’ 5 X 

power in a more reliable ^ 

maimer than was pos- — g io 15 “ 20 

sible from indicator dia- BRAKE HORSE-POWER 

grams, although they Fio. G39. 

also took indicator dia- 


5 10 15 ' 20 

BRAKE HORSE-POWER 

Fio. G39. 


grams. The brake horse-power can be determined with a high degree 
of accuracy, and if the lost horse-power is known the correct indicated 
horse-power is the sum of these two. The methods adopted by Asakawa 
and Petavel in determining the power losses are fully described in 
their paper already referred to. 

The mechanical efficiency of a gas engine at full load and at the 
normal speed for which the engine is designed may be taken at from 
75 per cent, to 85 per cent., with an average of about 80 per cent. It 
diminishes slightly with an increase in the compression ratio. It 
increases as the speed is reduced below the normal speed and decreases 
as the speed is increased above the normal. In tests by Gibson and 
Walker 1 at speeds of 150, 200, and 250 revolutions per minute at full 
load, the mechanical efficiencies were, 86, 81, and 74 per cent, respec- 
tively, 200 revolutions per minute being the normal speed of the engine. 

390. Thermal Efficiency of Gas Engines. — The thermal efficiency 
of a gas engine is influenced chiefly by the compression ratio and the 
strength of the charge, being higher the greater the compression ratio 


1 “ The Distribution ol Heat in the Cylinder of a Gas Engine, 1 ’ Proceedings of 
the Institution of Mechanical Engineers t May, 1915. 
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with a given mixture, but with a given compression ratio the strongest 
mixture does not give the highest efficiency. 

The effect of the compression ratio and the strength of the charge 
is very clearly shown in Fig. 640, which represents the results of the 
tests, at full load, by Asakawa and Petavel, which have been referred 
to in the preceding Art. The strength of* the charge is indicated by 
the amount of excess air which it contains. 

Excess air 


Total amount of air used — Air required for complete combustion 
““ Air required for complete combustion 

That is, excess air is the ratio of the quantity of air present in the 
mixture, but not required for complete combustion, to the air required 
for complete combustion. The strength of an explosive mixture is 
better indicated by the excess air than by the more usual method of 




Fig. 641. 


giving the ratio of total air to gas used, because of differences in the 
composition of gas used in gas engines. For example, a mixture of 
8 of air to 1 of a poor gas would be a more dilute mixture than one of 
8 of air to 1 of a rich gas, the poor gas requiring less air for its 
complete combustion than the rich gas. 

Referring to Fig. 640, it is clearly seen that for a given strength of 
mixture, as shown by the excess air present, the thermal efficiency is 
higher the greater the compression ratio. This, of course, would be 
expected from theoretical considerations (Art. 370). Another result 
of great importance is shown by the curves in Fig. 640, namely, for all 
compression ratios the highest efficiency is obtained when the excess 
air is about 0*8 of that required for complete combustion. Also 
there is not much change in the efficiency when the excess air varies 
between 0*7 and 10. 

It will be seen that with compression ratios of 3*75, 4*11, 4-85, and 
5*61, the maximum indicated thermal efficiencies are about 29 per cent., 
30*8 per cent., 33*8 per cent., and 35*6 per cent, respectively. 

Asakawa and Petavel also found that for all compression ratios 
between 3*75 and 5*61, and for all mixtures containing between 0 and 
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0*7 excess air, the efficiency ratio was about 88 per cent, and that for 
weaker mixtures this ratio falls off rapidly. They also constructed the 
ideal diagram round the actual indicator diagram and obtained instruc- 
tive figures as to the nature of the losses. Figs. 641, 642, and 643 show 
the actual and ideal diagrams for strong, medium, and weak mixtures 
respectively, at full load and at a speed of 200 revolutions per minute 
with the normal compression ratio of 4*85. In each case the outer 
diagram is the ideal diagram for the actual mixture used, allowing for 
the variation of the specific heat with change of temperature. The 
inner hatched area is the actual indicator diagram. The dotted curve is 
the adiabatic which touches the expansion curve of the actual diagram. 

The aroa A between the expansion curve of the ideal diagram and 
the dotted adiabatic represents the effect of the loss of heat at the 
beginning of the stroke. The area B between the dotted adiabatic 
and the expansion curve of the actual diagram represents the loss of 
work duo either to leakage or to the transmission of heat to the cylinder 
surface during expansion. The area C between the dotted adiabatic 



2 3 4 4-85 0 1 2 3 

VOLUME VOLUME 

Fto. 642. Fio 643. 


and the upper part of the actual diagram represents the Joss of work 
due to delayed explosion. 

The values of those areas for strong, medium, and weak mixtures 
are given by Asakawa and Petavel in the following table. The figures 
refer to tests at full load at 200 revolutions per minute with a 
compression ratio of 4 85. The total available energy, as represented 
by the area of the ideal diagram, is denoted by 100 in each case, hence 
the numbers given in line (D) are the percentage efficiency ratios. 


Strength of mixture 

Excess air . . . 


Strong 

0-2 

Medium 

0*5 

Weak 

1-3 

Waste of energy ( Before expansion . . 

due to thermal < During expansion . . 

losseB ( During explosion 

. (A) 
:8 

5*0 

7-1 

o-i 

4*66 

4*47 

0-68 

9*67 

0-46 

9*70 


Total thermal lossos 

i 2‘2 

9-81 j 

19-83 

Indicated work 

. . . . 

. (D) 

87*8 

90-19 i 

80*17 


Total available energy 

100-0 

100-00 

100-00 
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If the heat equivalent of the brake horse-power be divided by the 
heat supplied by the fuel the result is the B.H.P. thermal efficiency . 
This efficiency is of course less than the thermal efficiency as deter- 
mined from the indicator diagram or from the I.H.P. Asakawa and 
Pctavel plotted the B.H.P. thermal efficiency for various compression 
ratios and strengths of mixture, as was done for the I.H.P. thermal 
efficiency (Pig. 640), and similar curves and results were obtained, 
except of course that the curves were lower. That is to say, they 
found that for a given strength of mixture the B.H.P. thermal 
efficiency was higher the greater the compression ratio, and that at all 
compressions the highest efficiency is obtained when the excess air is 
in the neighbourhood of 0*8. With compression ratios of 3*75, 4' 11, 
4*85, and 5*61 the maximum B.H.P. thermal efficiencies were about 
23 per cent., 24 per cent., 26*2 per cent., and 27‘4 per cent, 
respectively. 

391. Heat Losses in Gas Engines. — Of the heat supplied to a gas 
engine, the part which is not converted into work in the cylinder is 
carried off: (a) By the cooling water surrounding the cylinder and 
also, in the case of large engines, by the water used for cooling the 
piston and valves ; (b) by the exhaust gases ; and (c) by radiation from 
the various hot parts of the engine. 

(a) The cooling water usually enters at about the temperature of 
the atmosphere, and its rate of flow is regulated so that its temperature 
at exit is from 40° C. (104° P.) to 75° C. (167° P.). 

If w is the weight in lb. of the water passing through the jacket in 
a givon time and t its average rise in temperature, then the heat 
carried off by the cooliug water in that time is wt heat units. 

At full load under ordinary conditions the cooling water carries 
a way from 25 per cent, to 33 per cent, of the heat supplied to the 
engine, an average value being about 28 per cent. Probably one-third 
of this amount is taken from the exhaust gases during the oxhaust 
stroke, and should properly be added to the amount usually credited to 
the exhaust gases. 

( b ) At full load under ordinary conditions the amount of heat in 
the exhaust gases on leaving the engine varies from 35 per cent, to 
45 per cent, of the heat supplied to the engine and may be taken on 
the average as 40 per cent. 

In tests of gas engines the total heat supplied (H), the heat con- 
verted into work (1), and the heat carried away by the cooling water 
(C) are readily determined, and the amount H — I — C is then 
frequently given as the heat carried away by the exhaust gases and 
unaccounted for, and is not measured directly. 

The heat in the exhaust gases may, however, be determined if their 
temperature near the exhaust valve be taken and their weight and 
specific heat be found. The weight of the exhaust gases is equal to 
the weight of air and gas entering the engine, and their mean specific 
heat may lie computed from an analysis and a knowledge of the specific 
heats of the constituents. 

The heat in the exhaust gases may also be measured directly by 
passing them through a calorimeter. In a surface calorimeter the 
gases pass through or around a number of tubes while the cooling 
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water passes around or through the tubes. In a jet calorimeter the 
gases are brought into direct contact with jets of cooling water. 

(c) Radiation losses are difficult to determine directly and the 
amount of heat loss credited to radiation by different experiments 
varies greatly. Burstall 1 found the radiation loss to be about 3 per 
cent, of the total heat supplied, with a jacket temperature of about 
63° C. Hopkinson 2 estimated the radiation loss as not exceeding 
4 per cent, with a jacket temperature of 70° C. Gibson and Walker 3 
gave the amount as 8 per cent, at full load under normal conditions 
with a jacket temperature of 63° C. 

392. Gas Engine Average Heat Balance. --Working at full load 
under normal conditions the performance of a gas engino, as shown by 
a heat balance-sheet, should not differ much from that shown in the 
following table. 


Average Heat Balance for a Gas Engine. 


Heat converted into work as shown by indicator diagram .‘13 

Heat carried away by the cooling water * 27 

Hoat carried away by exhaust gases and unaccounted, for 40 

Total beat supplied 100 


* Probably about one-third of this should be credited to tho exhaust gases. 

393. Gas Consumption and Power — Willans Line. -For a steam 
engine, governed by throttling and running at constant speed, it lias 
been shown (Art. 199, p. 277) 
that if the total steam con- 
sumption be plotted on a horse- 
power base the points obtained 
lie on a straight line called the 
Willans line. It will be found 
that for a gas engiue running at 
approximately constant speed, 
if the gas consumption lie plotted 
on a horse-power base, the 
points obtained also lie very 
approximately on a straight 
line, which is the Willans line 
for the engine. An example 
is illustrated in Fig. 644. The 
actual total gas consumption at 
various brake loads has been plotted and the straight line which most 
nearly contains all the points has been drawn. The equation to this 
line is G = 12 8B + 158, where G is the total gas consumption in cubic 
feet per hour, and B is the corresponding brake horse-power. The 
number 158 is obviously the consumption of gas at no load. G', the 

1 Proceedings of the Institution of Mechanical Engineers , October, 1901. 

)i i» »» n » April, 1908. 
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consumption of gas in cubic feet per brake horse-power per hour, has 
also been plotted. The equation to the resulting curve is 


“=™+T 


Ih reportiog on the performance of a gas engine, the total gas 
consumption in cubic feet per hour and also the consumption per brake 
horse-power and per indicated horse-power per hour are generally 
stated, but as a measure of the efficiency of the engine the figures for 
gas consumption may be misleading. For example, a consumption of 
18 cubic feet per brako horse-power per hour of a gas having a calorific 
value of 290 C.H.U. would be equivalent to a consumption of 22 cubic 
feet of a gas having a calorific value of 237 C.1I.U. 

391. Performance of Petrol Engines.— Petrol engines are used 
mainly for motor vehicles, aeroplanes, and airships, and, when working 
at full power, run usually at from 1000 to 2000 i evolutions per minute. 
Engines running at 3500 revolutions per minute have been used on 
racing motor cars. 

Mechanical Efficiency. — Working at full power the mechanical 
efficiency is usually not less than 80 per cent, and at reduced speed it 
may amount to 88 per cent. 

Mean Effective Pressure. — Working in the neighbourhood of full 
power the M E P. in the cylinder usually varies from 90 to 120 lb. per 
square inch. The M EP. equivalent of the B.H P. may be taken as 
varying from 70 to 100 lb per square inch. 

Fuel Consumption and Thermal Efficiency . — Working in the neigh- 
bourhood of full power the consumption of petrol may be as low as 
0*47 lb. per B.H.P. per hour, which corresponds to a brake thermal 
efficiency of about 29 per cent., and an indicated thermal efficiency of 
about 36 per cent., if the mechanical efficiency is 80 per cent. 

More commonly the best performance of a petrol engine is a con- 
sumption of about 0*65 lb. per R.H.P. per hour which corresponds to a 
brake thermal efficiency of about 21 per cent., and an indicated thermal 
efficiency of about 26 per cent, if the mechanical efficiency is 
80 per cent. 

395. Tests of a Motor Car Engine.— In May, 1909, a paper by 
Professor W. Watson was read before the Institution of Automobile 
Engineers on “The Thermal and Combustion Efficiency of a Four- 
Cylinder Petrol Motor,” which gave the results of a very complete 
series of tests which are worthy of careful study. The motor tested 
was a Clemen t-Talbot motor car engine having four cylinders 85 mm. 
(3*35 in.) in diameter and a piston stroke of 120 mm. (4*72 in.). 

The engine, as designed by the makers, had a compression ratio of 
4*03. Three different compression ratios were used, and with each 
compression ratio three series of tests were made at different speeds. 
The compression ratios, and the highest speed in each of the series 
of tests, are given in the following table, which also gives the com- 
pression pressures at various speeds, the falling off in pressure being 
of course due to increased wire-drawing action with increase in 
speed. 
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Test 

Com- 

pression 

Ratio. 

Highest Speed in revs, 
per min. 

Compression Pressure (G; 
In lb. per i-q. la. at 

Letter. 

Series. 1 

Series. j 

Series. 

Vi 0 

1090 1 

i: 

A 

4*71 

1 

1290 

2 

1111 

3 ! 

723 

R.P.M. 

88 ; 

R.P.M. | 

85 

R. 

! 

B 

4*35 

1274 

1103 

! 720 

80 

77 1 


C 

3-92 

i 1265 

! 1087 

715 

72 

G8 

1 


In each series of tests the ratio of air to petrol was varied. 

The results of the tests A, series l, have been plotted and the 
curves shown in Figs. 645, 646, and 647 represent very approximately 
the performance of the engine under the conditions of these tests. 
The most prominent lesson which these curves teach . is that the 



mixture of air and petrol which gives the greatest power is not the 
same as that which gives the highest thermal efficiency, and neither of 
these mixtures is the one for complete combustion with the minimum 
supply of air. The mixture for complete combustion without excess 
air may be taken as 14*5 of air to 1 of petrol, by weight, and a thick 
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vertical line is shown through this point. For all mixtures to the 
right of this 14*5 line the air is in excess, while for all mixtures to the 
left there is deficiency of air and combustion must be incomplete. 

Fig. 647 shows that in the tests now under consideration the most 
economical mixture is one containing rather more than 17 of air to 1 
of petrol* by weight, so that the excess air for highest thermal 
efficiency is roughly 20 per cent. In the case of the gas engine testa 
referred to in Art. 390, it was shown that the mixture for highest 
thermal efficiency contained about 80 per cent, excess air. 

Referring to Fig. 646 it is seen that the greatest power is developed 
with a mixture of about 11'5’of air to 1 of petrol, by weight, that is, a 
mixture in which the amount of air is only sufficient for the complete 
combustion of about 80 per cent, of the petrol present. The result is 
that the products of combustion contain combustible gases, such as 
carbonic oxide (CO), hydrogen (H), and marsh gas (CI1 4 ) and a 
lowering of the thermal efficiency must of courso follow. When, 
however, petrol vapour is burned witli a supply of air insufficient for 
complete combustion, the volumo 
of the products is greater than 
the original volume of the mixture, 
at the same pressure and tempera- 
ture, to a larger extent the smaller 
the amount of arr present in the 
original mixture. This is shown 
by the diagram in Fig. 648 due 
to Professor Watson. Hence this 
tendency of the products to occupy 
a greater volume, apart from the 
effort to expand due to the heat 
produced, will cause a higher pressure in the cylinder of the engine, 
increasing the mean effective pressure on the piston, and consequently 
increasing the power. This accounts, at least partly if not altogether, 
for the maximum power being developed with an excess of petrol in the 
mixture. With too great an excess of petrol, however, the pressure 
will be lower because of the falling off in the supply of heat. 

The influence of speed and compression ratio on the maximum 
power and maximum thermal efficiency, and on the ratio of air to 
petrol giving maximum power or maximum thermal efficiency, may be 
Btudied by reference to the table on the next page, the figures in which 
are taken direct from Professor Watson’s paper, except that where two 
or more powers or thermal efficiences in the neighbourhood of maximum 
power or maximum thermal efficiency are nearly equal the mean of 
the results has been taken in each case. 

It will be noticed that the improvement in the performance of the 
engine due to increasing the compression ratio is not very marked. 

It will also be seen that with all compression ratios and at all 
speeds there is a marked diminution in the power developed when the 
carburettor is set for maximum economy instead of for maximum 
power. 
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Fig. 648. 
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.2 | Series I. Series 2. Series 3. 

a — — *r 


fl 

1 

p, 

1 

Kevolations 
per minute. 

h 

11 

I| 

Thermal 
Efficiency, 
per cent. 

Petrol 

sight. 

Kevolutii 
per mlnn 

Indicated 

Horee-pow< 

Ifl . 

i s 

£ M 

** V 

is 

i* 

at 

Indicate 

[orse-po? 

Thermal 
Efficiency, 
per cent. 

Air: Petrol, 
by weight. 






Maximum 

Police i 

r. 





4-71 

1287 

24*2 

22*2 

11*0 

1108 

20*6 1 

21-0 

1*2*0 

721 

13*4 

23*1 

14*8 

4*35 

1235 

22*9 

21*8 

11*8 

1103 

20*2 | 

22-1 

12-7 

720 1 

13*3 

19*8 

12*8 

3-92 

1251 

21*8 

20*8 

11*9 

1087 

19 5 1 

20*8 

12-3 

715 

13 1 

20*3 

13*1 





j 

Maximum Thermal Efilcienci 

b 




4-71 

1211 

19*8 

27*5 

1 17*2 

104 L 

17*2 | 

261 ! 

17*2 1 

674 

11*2 

! 24*8 

18*0 

4*35 

1195 

19* L 

27*4 

1 17*4 

1027 

10*6 

26-4 ' 

17*7 

655 

10-4 

j 24 9 

18*9 

3*92 

I 1213 

; 20*5 

268 

j 10*0 

1032 

17*3 1 

250 

16*2 

655 

io**r 

! 23*7 

17*8 


396. Performance of a Petrol Engine at Various High Speeds. — 
In an instructive paper on “ High-speed Internal Combustion Engines,” 
read before the North-East Coast Institution of Engineers and Ship- 
builders in 1918, Mr. Harry E. Ricardo plotted the probable per- 
formance of a high-speed petrol engine at speeds varying from 400 to 
2400 revolutions per minute. The curves obtained are shown in 
Figs. 649 and 650. The leading dimensions of the engine to which 
these curves refer are as follows. — 


Diameter of cylinder . . . 

Stroke of piston .... 
Weight of reciprocating mass 
Weight of rotating mass . 
Number of valves . . . 

Diameter of valve ports 
Lift of valves .... 


. . . . 7*25 in. 

. . . . 8*50 in. 

.... 1135 lb. 
.... 8-00 lb. 
2 inlet and 2 exhaust 
. . . . 2*5 in. 

. . . . 0*65 in. 


Ratio of piston area to effective inlet port area . . 3-94 : 1 

Diameter of crank pin 3*25 in. 

Width of crank pin 3-75 in. 


The range of speed, 400 to 2400 revolutions per minute, corresponds, 
to a range of mean piston speed, 567 to 3400 feet per minute. 

Mr. Ricardo assumed a compression ratio of 5:1, which he stated 
was just possible, provided that every part of the combustion chamber, 
and particularly the surroundings of the exhaust valves and sparking 
plugs, are well cooled by water in sufficiently rapid circulation to 
break away any steam bubbles that may be formed. With a com- 
pression ratio of 5 : 1 the air standard efficiency is 47*5 per cent. 

Volumetric efficiency . (a) Fig. 649. — The highest volumetric efficiency 
is about 79 per cent, and occurs at a speed of about 1000 revolutions 
per minute. At lower speeds the falling off of the volumetric efficiency 
is due to the valves being set to give the best efficiency at the higher 
speeds and, in consequence, the inlet valves are held open too late at 
the lower speeds, with the result that a small portion of the charge is 
rejected through them. As the speed increases above that giving the 
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Fig. 649. 


Fig. 660. 


cylinder before compression at standard pressure and temperature m 
B.Th.U. The value of C is taken at 98 B.Th.U. 

The brake mean effective pressure (B.M.E.P.) is obtained by 
deducting the pressure required to overcome the frictional resistances. 

Mechanical Efficiency, (c) Fig. 649. — This varies from about 94 per 
cent, at the lowest speed to 80 per cent, at the highest speed. 
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Friction Losses, (d) Fig. 649. — The friction losses are made up of — 
(1) the friction of the bearings and the resistances due to auxiliaries 
including a centrifugal water circulating pump ; (2) the pumping loss 
during the suction and exhaust strokes ; and, (3) the piston friction. 
The total friction losses reach the equivalent of about 23 lb. per square 
inch of piston at the highest speed. 

Horsepower, (e) Fig. 650. — The brake horse-power reaches a 
maximum of 100 at a speed of 2100 revolutions per minute. 

Thermal Efficiency. (/ ) Fig. 650. — The indicated thermal efficiency 
varies from 30 per cent, at the lowest speed to a maximum of about 
31*5 per cent, at about 2000 revolutions per minute, beyond which it 
diminishes slightly. The brake thermal efficiency varies from about 
28*1 per cent, at the lowest speed to a maximum of about 28*7 per 
cent, at 1000 revolutions per minute, beyond which it falls off, at iirst 
slowly, and then more rapidly, to about 25 per cent, at .the highest 
speed. 

Fuel per Horse-power per Hour . (y) Fig. 650. — The weight of 
petrol used per indicated horse-power per hour is about 0*46 lb. at the 
lowest speed and diminishes* gradually with increase of speed to a 
minimum of about 0*44 lb. On the brake horse-power the minimum 
consumption is about 0‘ 48 lb. at 1000 revolutions per minute and 
reaches a maximum of about 0*54 lb. at the highest speed. 

Note. — The foregoing efficiencies estimated, or assumed, by 
Mr. Ricardo are mostly higher than have hitherto been common, but 
the compression ratio of 5 which he assumes, and upon which his 
calculations are based, is higher than is usual in petrol engines. 

397. Performance of Diesel Engines. — The following notes and 
observations are based on a study of the results of a considerable 
number of tests of Diesel engines of all sizes but most of them over 
100 B.H.P. 

Mean Effective Pressure. — At full load the M.E.P. from the indicator 
diagrams varies in practice from 85 to 120 lb. per square inch for both 
four-stroke and two-stroke cycle engines. The average value of the 
M.E.P. with varying loads at constant speed is given by the formula — 

Mean effective pressure = 23 +• 80.r lb. per square inch, 

where x is the ratio which the load bears to the full brake load for 
which the engine is designed. For example : at full load x = 1, at 
half load x = 0-5, and for an overload of 10 per cent, x = 1*1. 

Mechanical Efficiency. — In four-stroke cycle engines running at 
normal speed and full load the mechanical efficiency varies in general 
from 75 to 80 per cent. 

The difference between the I.H.P. and the B.H.P. is about the 
same at all loads at normal speed, and on the average the mechanical 
efficiency at any load is given by the formula. — 

Mechanical efficiency of) __ 100# 

four-stroke cycle engines) ^^~Q~29^ er centI ’ 

whero x has the same meaning as before. 

Since the two-stroke cycle engine has to be provided with a 
scavenging pump, which absorbs from 5 to 10 per cent, of the I.H.P. 
of the engine, it follows that under similar conditions of lubrication, 
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axnouut of compression, etc., its mechanical efficiency will be less than 
that of the four-stroke cycle engine. Tho average mechanical efficiency 
at any load and at normal speed may be taken at about that given by 
the formula — 


Mechanical efficiency of ) _ 100a; 

two-stroke cycle engines) 1*03# + 0*3 ^ ei CGD * 


At speeds higher than the normal speed the mechanical efficiency 
of both types of engine falls off, and at speeds below tho normal it 
increases slightly, the mean effective pressure being kept constant. 

Indicated Thermal Efficiency . — At full load and normal speed the 
indicated thermal efficiency varies in general from 38 to 44 per cent., 
but an indicated thermal efficiency as high as 48 per cent, at full load 
has been claimed. 

If W is the weight of fuel used by the engine in lb. per hour, and 
C is the calorific value of the fuel in C.H.U. per lb. then, 


Indicated thermal efficiency = 


33,000 x 60 x I.H.P. x 
1400 x W x O 


100 


per cent. 


Under the conditions prevailing in Diesel engines the combustion 
of tho fuel is fairly complete at an early part of the stroke at all 
ordinary loads, but, as the excess air increases as tho load is reduced, 
the temperature must diminish, and the loss of heat through the 
cylinder walls will therefore decrease. The consequence is that the 
thermal efficiency increases as the load diminishes. 1 Plotting the in- 
dicated thermal efficiency at varying loads on a load base it is found, 
from the results of actual tests, that the points are practically in a 
straight line and the equation to this line, for both four-stroke and 
two-stroke cycle engines, may be taken as — 

Indicated thermal efficiency = £2 — 1 lx per cent. 

"With constant M.E.P. a moderate variation in speed has very little 
influence on the indicated thermal efficiency but it generally falls off 
slightly as the speed increases. 

Net Indicated Home-Power and True Thermal Efficiency . — The I.H.P. 
of the air compressor which supplies the air for the injection of the fuel 
may be taken at from 6 to 8 per cent, of the I.H.P. of the engine, and, 
neglecting loss, this is returned to the cylinder of the engine. The 
difference between the I.H.P. shown by the indicator diagram and the 
I.II.P. returned to the cylinder from the compressor is called the net 
I.H.P. of the engine. In computing the net I.H.P. in practice it is 
usual to neglect any loss of power in the air as it passes from the com- 
pressor to the engine cylinder. 

Tho horse-power developed in the cylinder due to the combustion 
of the fuel is the net I.H.P. as defined above and the true thermal 
• efficiency is that based on the net I.H.P. For example, let the in- 
dicated thermal efficiency be 42 per cent., and let the net I.H.P. be 
94 per cent, of the diagram I.H.P., then the true thermal efficiency is 
42 x 0*94 = 39*48 per cent. 

If the fuel consumption is 0*335 lb. per I.H.P. per hour and the 

1 Theory (Art. 874) also shows that the efficiency is higher the greater the 
expansion ratio. 
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net I.H.P. is 94 per cent, of the diagram I.TI.P., then the fuel con* 
sumption per net I.II.P. per hour is 0*335 0*94 = 0*356 lb. 

Brahe Thermal Efficiency , — At full load and normal speed the brake 
thermal efficiency varies in general from 28 to 33 per cent., but a 
brake thermal efficiency as high as 38 per cent, lias been claimed. 

The brake thermal efficiency is equal to the product of the 
mechanical efficiency and the indicated thermal efficiency. Hence, 
using the formul© already given for mechanical efficiency and indicated 
thermal efficiency, the following formul© are obtained — 

Brake thermal efficiency of) __ a*(52 — 11 j?) 

four-stroke cycle engines) x _|_ q -29 P er cen ^* 

Brake thermal efficiency of) a(52 — 11a;) 

two-stroke cycle engines) == I 03x* -f- 0*3 ^ M31 cen ^’ 

For either of these formulae the brake thermal efficiency is a 
maximum when x = 0*92. This is obtained in the usual way by 
differentiating the expression and equating the result to zero. 

The results of tests often show that the highest brake thermal 
efficiency, and therefore the lowest fuel consumption per B.IT.P. per 
hour, occurs at between three-quarter load and full load. 

If W is the weight of fuel used by the engine in lb. per hour, and 
C is its calorific value in C.II.U. per lb., then, 


Brake thermal efficiency 




1400 x W X C 




Fuel Per Horse-Power Per Hour . — W and C stand for the same 
quantities as above. 

Fuel in lb. per I.H.P.} W 33,000 x CO 

per hour . . . j ~ l.U.p; ~ 1400 x C x Ind. Th7'M 

Fuel in lb. per net} _ W _ 33,000 x CO 

I.H.P. per hour) ~ net I. HE ~ 1400 x C x’Truo Th."Efi7 

Fuel in lb. per B.H.P.) _ __ 33,000 x CO 

per hour . . . j - JUU T . ~ 1400 X O X Brake Th. Eff. 


It is necessary, in examining figures of fuel consumption, to know 
the calorific value of, the fuel used, otherwise the figures may be mis- 
leading. For example, a consumption of 0*425 lb. of oil having a 
calorific valuo of 10,400 O.H.U. (18,720 B.Th.U.) per lb. would be 
equivalent to a consumption of 0*442 lb. of oil having a calorific value 
of 10,000 C.H.U. (18,000 B.Th.U.) per lb. 

The results tabulated on next page have been calculated by 
means of the formula) which have been given, which make the results 
plot into straight lines or smooth curves as shown in Figs. 651 and 
652. 
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Average Performance of a Four-Stroke Diesel Engine at 


Constant 

Speed. 





Load 

0*25 

0-5 

0-75 

0*92 

Full 

1-1 

M.E.P. . . lb. per sq. in. 

43*0 

63-0 

83-0 

96*6 

103 -0 

111-0 

Mechanical efficiency per cent. 

46-3 

63-3 

72-1 

76*0 

77-5 

79-1 

Indicated thermal ell. „ 

49-2 

46-5 

43-7 

41-9 

41-0 

39-9 

True thermal eff. * „ 

46-3 

43-7 

41-1 

39-4 

38-5 

37-5 

Brake thermal eff. „ 

22-8 

29-4 

31*6 

31-84 

■31*78 

31-6 

Fuel per I.H.P. per hour f lb. 

0-287| 

0-304 

0-323 1 

0*33^ 

0-845 

0-354 

Fuel per net I.H.P. per hour f 
lb. 

0-305’ 

0-324 

0-3441 

0-359 

0-367 

0-377 

Fuel per B.H.P. per hour t lb. 

0-620 

0-481 

.0-448' 

0-444 

0-445 

0-448 

Fuel per hr. for full load of 
100 B.H.P. f .... lb. 

15-5 1 

24-0 ! 

38-6 

40-8 

44*5 

49*3 

i 


* Assuming that the net I.H.P. is 94 per cent, of tlio diagram I.H.P. 
t Taking the calorific value of tho fuel as 10,000 C.1T.U. (18,000 B.Tli.U.). 



Examining Fig. 652 it will be noticed that the fuel per hour curve 
is very flat, showing that it approximates to a Willans line. The 
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curves for fuel per I.H.P. per hour, and per net I.H.P. per hour, are 
very nearly straight lines. The highest point in the brake thermal 
efficiency curve and the lowest point in the fuel per B.H.P. per hour 
curve are marked by dots. 

Heat Balance. — The heat carried away by the cooling water varies 
in general from 20 to 32 per cent, of the heat supplied, the average 
being about 27 per cent. Taking this average value, and taking the 
values of the true thorinal efficiency from the table already given, the 
approximate boat balance for various loads would be as in the following 
table 


Diesel Engine Heat Balance , Per Cent. 


Load x 

0*25 | 

0*5 

| 0*75 

i Full | 

! i-i 

Heat converted into work j 

46 

44 

41 

39 

38 

Heat carried away by cooling water . . j 

27 

27 

27 

27 

27 

Heat carried away in exhaust gases, by j 
radiation, and unaccounted for . . . ! 

27 

29 

32 

34 

35 

Heat supplied . j 

100 i 

i ioo 

| 100 . 

100 

100 


Temperature of Exhaust Gases. — At normal speod the temperature 
of the exhaust gases at different loads is, on the average, about as given 
in the following table. 


Average Temperature of Exhaust Gases of Diesel Engines. 


Load 

X 

0-25 

0*5 

0*75 

Full 

1-1 

Four- stroke cycle engines 

. . . °C. 

185 | 

210 

300 ! 

390 ; 

420 

Two-stroko eycsle engines . 

. . . °c. 

160 | 

190 

230 , 

270 , 

290 


It will be observed that for twostroke cyclo engines the temperatures 
are considerably lower than for four-stroke cycle engines. This is due 
to the cooling action of the scavenging air. At constant load the 
temperature of the exhaust gases rises, as the speed of the engine 
increases. 

398. Tests of a Crossley Oil Engine. — In 1918 Prof. F. W. Burstall 
made numerous tests of the latest form of the Crossley heavy oil engine, 
the results of which are of interest. The engine was of the horizontal 
typo having a cylinder 18*5 inches in diameter and a stroke of 28 inches. 
The normal rated load was 117 B.H.P. at 180 revolutions per minute. 
The engine was self-igniting and started cold with compressed air at a 
pressure of 130 lb. per square inch. 

Three series of tests were made, one series with kerosene having a 
calorific value of 18,500 B.Th.U. per lb., one with residual petroleum 
having a calorific value of 18,000 B.Th.U. per lb., and one with tar oil 
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having a calorific value of 16,200 B.Th.U. per lb. The calorific values 
were determined by means of a Berth elot bomb calorimeter. 

The results of the tests with residual petroleum are. plotted in 
Fig. 653 and summarized in the table below. 

Brake horae-power 142*0* 125*0 96*7 80*9 

Oil per B.H.P. por hour . . . . lb. 0*457 0*425 0*424 0*647 

Heat units per B.H.P. por hour 

B.Th.U. 8226 7650 7632 11646 

Thermal efficiency on B.H.P. percent. 30*93 33*26 33*35 21*85 

* 21 por cent, overload. 

At no load the oil fuel consumption was 11*0 lb. per hour. 

At the end of compression, quoting from Prof. Burstall’s report, 
when ignition commences, the pressure rises very considerably in a 
similar manner to that in a gas engine ; it then commences to fall 
although the charge is still burning, but the maximum temperature 
has not been reached due no doubt to the fact that the oil injection is 



Fig. 653. 

still continuing. When the piston has moved through a quarter of its 
stroke, maximum temperature is reached and from thence to nearly 
two-thirds along the stroke the expansion is nearly isothermal. From 
two-thirds of the stroke to the opening of the exhaust valve the 
temperature is falling but is still above what it would be had the 
expansion been adiabatic. 

The temperature of the exhaust followed closely the power of 
the engine, ranging from 100° C. at light load to 465° C. on the 
overload. 

399. Performance of Low and Medium Compression Oil Engines. — 
The performance of low and medium compression oil engines working 
at full load and normal speed is shown by the typical results of tests 
tabulated on the next page. 
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Performance of Lou> and Medium Compression Oil Engines. 


r 


Cycle. 





Four-i 

stroke. 


Two- 
stroke * 

Compression pressure . 

lb. 

per sq. 

in. 

I 50 

60 

169 

260 

185 

Maximum pressure . 

lb. 

por sq. 

in. 

! 230 

168 

325 

475 

300 

Moan effective pressure 

lb. 

per sq. 

in. 

68 ‘5 

48 

75 

82 

49 

Mechanical efficiency . 


per cent. 

'84-5 

| 

78*6 

81*6 

177*5 

|78*0 

Fuel por I.H.P. per hour 



lb. 

! 0*740 

0*61*; 

0*455 

0*85fl 

l 0*398; 

Fuel per B.H.P. per hour . * 


. 

lb. 

: 0*876 

0*781 

0*558 

0*46: 

0*510i 

Indicated thermal efficiency 


per cent. 

19*1 

23*0 

181-1 

39*4 

|85 * 5 j 

Brake thermal efficiency 


per cent. 

,16*1 

18*1 

25*3 

30*6 

■27 *7 


Fuel consumptions reduced bo fuel having a calorific value of 10,000 C.H.U. 
(J 8,000 B.Th.U.) per lb. 

* With crank case compression for scavenging and charging, with air. 

400. Comparative Trials of “ Still ” and “ Sulzer ” Engines. — 
Mr. William Denny, in a paper read before the Institution of Naval 
Architects in July, 1920, has described some interesting comparative 
trials of Still and JSulzer engines under actual working conditions on 


THE DOTTED LINES REFER TO THE“SULZER” ENGINES 
„ FULL „ „ „ „ “STILL” 



board ship. The Still engine, the general features of which have been 
described in Art. 369, p. 512, is a combined internal combustion and 
steam engine. The Sulzer engine is of the two-stroke cycle Diesel 
type. 

The Still engines tested had four cylinders per set, 7J inches in 
diameter and a piston stroke of 1 5 inches, and were of the opposed 
piston type, that is, each cylinder had two pistons moving outwards 
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and inwards from and to the centre of the cylinder. The steam boiler 
was of the Yarrow type. The Sulzer engines had also four cylinders 
per set, 8£ inches in diameter and a piston stroke of 13£ inches. 

In each case the installation consisted of two sets, one for each 
propeller of the twin-screw ship in which the engines were tested. The 
conditions under which the trials were made were as nearly as possible 
identical, and the same oil fuel was used throughout. The fuel was 
shale oil having a specific gravity of 0 85 at 60° F. and a higher calorific 
value of about 19,000 B.Tli.U. 

The results of the trials are exhibited in Figs. 654 and 655. The 
falling away in the thermal efficiencies of the Still engines at the 
higher speeds will be noticed; this seems to indicate that the combus- 
tion of the oil fuel was incomplete at the higher speeds in these engines. 

401. Use of Exhaust-Gas Charts. — From a complete analysis of the 
exhaust gases from an internal combustion engine, the ratio of the 
amount of air to fuel used may be found, also it can be seen whether 
the combustion is complete or not. In conjunction with an oxhaust- 
gas chart for the fuel used, and a partial analysis of the exhaust gases, 



Fig. 656. — Exhaust-gas chart for petrol. 

the ratio of air to fuel used may be readily determined. An example 
of an exhaust-gas chart is shown in Fig. 656. This has been prepared 
from a chart given by Sec. Lieut. Robert W. Fanning in his paper on 
“ The Composition of the Exhaust from Liquid-Fuel Engines,” in the 
Proceedings of the Institution of Mechanical Engineers , March, 1916. 
The particular chart shown in Fig. 656 is for petrol (“ Bow ley’s* 
Special ”). Such a chart is prepared by plotting the results of analyses 
of the products of combustion of numerous mixtures of air and petrol. 
Examining the chart it will be seen that for a mixture of, say, 18 of 
air to one of petrol, by weight, the products of combustion contain, by 
volume, 12*3 per cent, of (J0 2 and 3-4 per cent, of 0 2 , showing that 
there is an excess of air and that the combustion is complete. Again, 
for a mixture of, say, 10 of air to 1 of petrol the products of combus- 
tion contain 6 9 per cent, of C() 2 and 11*8 per cent, of CO, showing 
that the combustion is incomplete. It should be mentioned that the 
products of combustion referred to are the dry products, the water 
vapour being condensed and neglected. It will now he obvious that 
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from a partial analysis of tho exhaust gases from an engine, and a 
reference to the exhaust-gas chart, the ratio of air to fuel used can be 
quickly determined. Of course each particular fuel has its own 
particular exhaust-gas chart. 

402. The Tookey Factor. — The performances of all forms and sizes 
of internal combustion engines, whatever the kind of fuel used, may be 
compared by means of what is now known as the Tookey factor . This 
factor was originated by Mr. \V. A. Tookey in his paper on “ Com- 
mercial Tests of Internal Combustion Engines ” in the Proceedings of 
the Institution of Mechanical Engineers for 1914. 

•Let P = mean effective pressure in lb. per square inch from the 
positive loop of the indicator diagram. 

S = mixture strength in heat units per cubic foot of cylinder 
charge. 

T = Tookey factor. 

Then, T =5 

The value of S is computed as follows. — 

Let II = average calorific value of fuel per 11). or per cubic foot. 

F = fuel used per minute in lb. or cubic feet. 

I = number of impulses per minute. 

V — effective or charge volume of cylinder in cubic feet. 

H X V float supplied per impulse 

then, . = J x y = Effective cylinder volume’ 

The effective cylinder volume is : stroke volume x volumetric 
efficiency + clearance volume. 

According to Mr. Tookey, the value of the Tookey factor in the case 
of a modem gas engine at full load is about when tho heat is 

measured in B.Th.U., which corresponds to 4*14 when the heat is 
measured in O.H.U. 


Exercises XXIV 

1. The following data relate to a test of a four-stroke cycle gas engine. 
Duration of test, 50 minutes. Indicated horse-power, 37*4. Total gas used 452 
cubic feet. Calorific value of the gas, 279 C.H.U. per cubic foot. Compression 
ratio 5-6. Determine tho actual thermal efficiency and tho relative efficiency. 

2. A gas engine cylinder is 9 inches in diameter, piston stroke 16 inches, 

mean prossuro from indicator diagram 75 lb. per square inch, revolutions 180 per 
minute, explosions 85 per minute, diametor of fly-wheel 5 feet, friction of brake- 
band 160 lb., gas used per hour 250 cubic feet of a thermal value of 600 B.Th.U. 
por oubic foot. Find the I.H.P., B.H.P., thormal efficiency, and meohanical. 
efficiency of the engine. [Inst. C.E.] 

3. A brake test of a gas engine gavo the following results. — Speed 160 revolu- 
tions per minute. Diametor of brake-wheel 71 inches. Weight 310 lb., less mean 
spring-balanco reading 37 lb. Gas consumed 402 cubic feet per hour. Calorific 
value of gas 670 B.Th.U. per cubic foot. Calculate the brake horse-power, the 
consumption of gas per brake horso-power-hour, and the thermal efficiency. 

[Inst. C.E.] 

4* The indicated thermal efficiency of a gas engine is 33 per cent. The 
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calorific value of the gas used is 289 C.H.U., and the indicated horse-power is 38. 
Compute the gas consumption in cubic feet per hour. 

5. An Otto cycle gas engine has a cylinder 10 inches diameter, and the stroke 

of the piston is 18 inches. .Revolutions per minute, 180 ; miss-fires per minute, 8 ; 
mean effective pressure, 95 lb. per square inch ; volume of gas used per hour, 430 
cubic feet; calorific power of gas, 650 B.Th.U. per cubic foot. Determine — 
(a) the indicated horse-power ; (6) the tbormal efficiency ; (o) the volume of gas 
consumed per indicated horse-power-hour. [U.Tj.] 

6. The following particulars were obtained from a gas engine -.— Cylinder 5*5 

inches diameter, stroke 10 inches, clearance 22 per cent, of the volumo displaced 
by the piston, I.H.P. 5*7, gas supplied per hour 87*5 cubic feet, calorific value of 
the gas 580 B.Th U. por cubic foot. Find the thermal efficiency of the engine 
and the relative efficiency when compared with the standard air engine (constant 
volume) having the same ratio of compression. LU.L.] 

7. In a one hour’s test of a gas engine 615 cubic feet of gas were used. The 
gas weighed 0*04 lb. per cubic foot and bad a lower calorific value of 276 C.H.U. 
per cubic foot. Tho amount of air supplied was 6080 cubic feet and its donsity 
0*08 lb. per cubic foot. The temperature of the exhaust gases near the exhaust 
valve was 612° C. and the temperature of the gas and air on entering tho cylinder 
of the engine was 18° C. The exhaust gasos contained 6-4 per cent., by weight, of 
steam. Taking tho mean specific heat of the dry oxhaust gases as 0-24 and the 
specific heat of the steam as 0 5, compute the heat of combustion carried away 
in the exhaust gasos. 

8 . A four-stroke cycle gas ongiue has a cylinder 11-5 inches in diameter and a 
piston stroke of 21 inches. The compression ratio is 6*2. The offoctivo diameter 
of the brake wheel is 71 inches. Tho observations made in a test of this engino 
were as follows -Duration of test, 45 minutes. Total number of revolutions, 
8145. Total number of oxplosions, 3465. Net load on brake, 314 lb. Mean 
effective pressure from indicator diagrams, 92 lb. per square inch. Gas used, 
467 cubic feet. Pressure of gas at meter, 4 8 inches of water. Atmospheric 
temperature, 17° 0. Height of barometer, 29 8 inches. Caloritic value of gas, 
275.G.H.U. per cubic foot at standard temperature (0° C.) and pressure (29*92 
iuches of mercury). Weight of water passing through the jacket, 693 lb. Tem- 
peratures of water at inlet and outlet of jacket, 17° G. and 68° (1. respectively. 

Find — (a) tho I.H.P. ; ( b ) the B.H.P. ; (c) tho mechanical efficiency ; (d) the 
indicated thermal efficiency ; and (c) the relative efficiency. Also draw up a 
percentage heat balance for the test. 

9. The indicated horse-power of a gas engine is 9 at no load and 50 at full load. 
The mechanical efficiency at full load is 80 per cent. The speed being the same 
throughout, determine tho probable mechanical efficiency at quarter load, half 
load, and three-quarter load. 

10- In tests of a gas ongino it was found that when the brake horse-power B 
was 22*31, tho gas consumption G was 410 cubic feot per hour. At the same speed 
when B was 13*7, G was 298. Assuming that the relation between G and B is a 
linear one. find this relation and use it to calculate G when B is 10*6. 

11. If for a gas engine the total gas consumption por hour at no load is denotod 
by M, and at full load by M -f- N, show that the equation to the Willans lino is, 
Gr = M 4* ffN, where G is the gas consumption per hour at the fraction x of full 
load. 

12. An aero ongino uses 0*5 lb. of petrol por B.H.P. per hour. The calorific 
value of the petrol is 10,400 G.H.U. per lb. Assuming that 30 per cent, of the 
hoat supplied is oarried away by the jacket water and that the rise in temperature 
of the water as it passes through tho jackot is 25° C., what weight of water must 
pass through the jacket per B.H.P. per minute ? 

The heated water is returned to its original temperature by passing it through 
a radiator. Detormine the minimum volume of air which must passthrough the 
radiator per B.H.P. por minute, assuming that its specific heat is 0*24, and that 
1 lb. of air has a volume of 13 2 cubic feet. 

13? A certain gas bas a calorific value of 270 C.H.U. per cubic foot. A mixture 
of this gas and air contains 0*18 cubic foot of gas and 1*53 cubic feet of air. What 
is the calorific value of 1 cubic foot of the mixture ? 

14. If the volumetric efficiency of a petrol engine is 80 per cent, and the 
mixture in the cylinder before compression has a calorific value of 54 G.H.U. per 
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cubic foot, and if the thermal efficiency is 31 per cent., compute the mean effective 
pressure in tlio cylinder. 

15. A published report of certain tests of a four-cylinder petrol engine for a 
motor car gave curves showing the petrol consumption per brake horse-power per 
hour from which the figuros in the following table havo been taken. 


Consumption of Petrol in lb . per B.H.P. per Hour. 


Revs. 


Brake Horse-power. 


per 


min. 




30 

35 

1450 

1050 ! 1*232 | 
625 0*906 i 

0*967 
1*036 0-882 
0*830 , 0*720 

0-81G 
0-722 
! 0*643 | 

I 0*657 
| 0*612 

0*067 

0-608 


Compute the total consumption of petrol in lb. per hour for each of the results 
in the table, and then plot them on a B.H.P. base and draw the Willans line for 
each speed and iind its equatioip 

Lastly, taking the calorific value of the petrol as 10,330 C.H.U. per lb., con- 
struct the brake thermal efficiency curves on a B.H.P. base for each of the throe 
speeds given. 

16. The following data relate to a 180-H.P. Mci cedes aero engine tested at 
the English Uoyal Aircraft Factory in 1018. Number of cylinders, 6; bore, 
140 mm. (5*51 in.) ; stroke, 160 mm. (6 30 in.) ; compression ratio, 4*04; B.H.P., 
174, developed at the normal speed of 1400 revs, per min. ; consumption of petrol 
in pints por B.H.P. per hour, 0-545. 

Calculate the M.E.P. equivalent of the B.H.P. Assuming that the specific 
gravity of the petrol was 0-72 and that its lower calorific value was 10,400 C.H.U. 
per lb., calculate the brake thermal efficiency. Also assuming a mechanical 
efficiency of 82 per cent, compute tho aotual M.Fj.P., the indicated thermal 
efficiency, and the relative efficiency. 

17. A motor car engine has four cylinders 80 mm. (315 in.) in diameter and a 
piston stroke of 18 mm. (5- 12 in.). In a test of this engine lasting 30 minutes the 
following observations were made. — Average speed, 1204 revolutions per minute ; 
petrol consumption, 7*04 lb. ; calorific value of petrol, 10,400 C.H.U. per lb. The 
brake horse-power was measured with a fan brake for which the formula was 

13N 8 

B.H.P. = where N is the number of revolutions por minute. 

Calculate — (a) The B.H.P. ; ( b ) the petrol consumption per B.H.P. per hour ; 
(c) tho brake thermal efficiency. Also, ( d ) assuming that the mechanical 
efficiency of the engine was 85 per cent., what was the M.E.P. in the cylinders? 

18. The following particulars were obtained from trials of a four- stroke cycle 
oil engine cylinder diam., 12 in.; stroke, 18*25 in.; diam. of brako wheel, 
9 ft. 0-75 in. 


Average revs, per min. . 

• . . 

! 199 

202 

203 

204 

204 

205 

Brake load 

. . lb. 

225 

195 

156 

113 

60 

0 

Mean effective pressure 








lb. 

per sq in. 

i 107 

! 97 

87 

74 

60 

42 

Oil por hour .... 

lb. 

i 20-7 

16*3 

13*5 

10*7 

100 

9*5 


Draw to a base of B.H.P. curves showing mechanical efficiency and oil used 
per hour por B.H.P. [U.L.] 

19. On the diagram in answer to the preceding exercise draw the curve showing 
oil used per hour per LII.P. 

20. Taking the data of exercise 18 and tho lower calorific value of tho oil as 
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10,000 C.H.U. (18,000 B.Th.U.) per lb. draw, on a B.II.P. base, tho curves showing 
oil per hour, indicated thermal efficiency, and brake thermal efficiency. 

21 . The normal full load on a certain two-stroke cycle marine Diesel engine 
is 000 B.H.P, Tests of this engine gave, (a) 733 1.H.P. with a load of 566 B.H.P., 
and (b) 480 I.1LP. with a load of 316 B.H.P. In both tests the speed was very 
approximately 200 revolutions per minute. Assuming that the relation between 
the I.H.P. and the B.H.P. is a linear one, deduce a formula for tho mechanical 
efficiency of this engine in terms of x the ratio of the load to full load. Apply 
this formula to calculate the mechanical efficiency at quarter loud, half load, 
three-quarter load, full load, and ton por cent, overload. 

Tho tosts (u) and (6) gave indicated thermal efficiencies of 40*5 por cent, and 
43*8 per cent, respectively. Assuming that the indicated thermal efficiencies 
plot into a straight line on a load base, which was provod to bo vory approximately 
the case in quite a number of tests of this engine, find tho equation to this lino 
in terms of x. Compute the indicated thermal efficiency and the brake thermal 
efficiency at the five loads mentioned above. For what value of x is the brake 
thermal efficiency a maximum ? Taking tho calorific value of tho fuel as 10,000 
C.H.U. (18,000 B.Th.U.) por lb. computo tho fuel consumption in lb. per I.H.P. 
and per B.H.P. per hour at the same five loads. Lastly, plot all the rosults on a 
load base. 

22 . At full load tho indicated horse-power of a Diosel engine was 690. Tho 
indicated horse-power of the compressor was 39-9, and the fuel oil used was 224 
lb. per hour. The lower calorific value of the fuel was 10,450 C.H.U. (18,810 
B.Th.U.) per lb. Calculate the fuel consumption per hour per diagram I.H.P. and 
per net I.H.P. Compute also the corresponding thermal efficiencies. 

23 . The fuel consumption of a Diesel engine, in lb. por B.H.P. per hour, was 
found to be, 0*036, 0*416, 0*409, 0*411, and 0*430, at quarter load, half load, three- 
quarter load, full load, and 20 por cent, overload respectively. The calorific value 
of the fuol was 10,850 C.H,U. (19,530 B.Th.U.) per lb. Calculate the corresponding 
consumptions of a fuel having a calorific valuo of 10,000 C.H.U. (18,000 B.Th.U.) 
per lb. Plot both sets of results. 

24 . The analysis by weight of a sample of crude petroleum used in an oil 

engino gives, carbon 85 per cent., hydrogen 13*5 per cent., and incombustible 
matter 1*5 por cent. The volume analysis of the exhaust gases gives, C0 2 7 per 
cent., O 11*3 per cent., and N 81*7 por cent. The engino uses 0*333 lb. of oil por 
I.H.P. per hour, and 14*8 lb. of water per I.H.P. per hour pass through the 
jacket. The riso in temperature of the jacket wator is 52° C. (93*6° F.). The 
temperature of the exhaust is 384° C. (723*2° F.). Tho lower calorific value of 
the oil is 10,720 C.H.U, (19,296 B.Th.U.) per lb., and the specific heat of the 
exhaust gases is 0 24. From the above data draw up a heat balance for the 
engine. [U-L.J 
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Densities and Volumes of Oases. — Table I gives the specific densities 
and specific volumes of various gases. 

W = weight in lb. of 1 cubic foot of gas. 

V = volume in cubic feet of 1 lb. weight of gas. V = 1/W. 

In each case the temperature of the gas is 0° C., and the pressure 760 mm. of 
mercury, or 14*7 lb. per square inch. 

Table I . — Specific Densities and Specific Volumes of Gases . 


Gaft. 


W V 


J lydrogen 

Oxygen 

Nitrogen 

Air 

Carbon dioxide, C0 2 

| Carbon monoxide, CO 
Methane (Marsh gas), CH 4 . 
Nthylene (Olefiant gas), Ci a Il 4 
AcctyleDo, C 2 H s .... 

| Sulphur dioxide. SO g 


0*0056 
0-0892 
0-0781 
0-0807 
0-1234 
0-0781 
0-0448 
0-0795 
0 0743 
0-1827 


178-57 

11-21 

12-80 

12-39 

8-10 

12-80 

22-32 

12- 58 

13- 46 
5-47 


If v is the volume of a given quantity of a gas at a temperature t n (J., and 
pressure h mm. of mercury, or p lb. per square inch, and if % is the volume of 
the same quantity of the gas at 0° 0. and 760 mm. of mercury, or 14-7 lb. per 
square inch, then 

v h __ v p 

V ‘ - 1 + 0-00867* ' 760 ~ 1 + 0 00367* ' 14+ 


Steam Tables. — Tables II, III, and IV give the properties of saturated 
steam. 

The columns to the left of the first thick line and the columns between the 
thick lines apply to degroes centigrade and C.H.U. 

The columns to the right of the second thick line and the columns between 
the thick lines apply to degreos Fahrenheit and B.Tli.U. 

t — saturation temperature. 

1£ = total heat of 1 lb. of steam. 

Tj -■= latent heat of 1 lb. of steam. 

7/ (not given) = H - Li= sensible heat of 1 lb. of steam, or the heat in 1 lb. of 
water at temperature t. 

p = pressure of steam in lb. per square inch, absolute. 

v = volume of 1 lb. of steam, in cubic feet. 

w (not given) — weight of 1 cubic foot of steam = 1/v, in lb. 

= entropy of 1 lb. of water. 

<p H = total entropy of 1 lb. of steam. 

tf> e (not given) = entropy of evaporation of 1 lb. of steam ~ <p, — <f> w . 

Tables VI, VII, VIII, and IX give the properties of superheated steam. 

In Table III the loading column is temperature; in the other steam tables the 
leading column is pressure. 

Specific Volume Of Water. — Table V gives the specific volume n' of water 
at various temperatures. The specific density w, or the weight in lb. of 1 cubic 
foot of water = l/u\ 


671 
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Table II .— Properties of Saturated Steam. 


t° c . 

H 

L 

V 

V 

<f>u> 


L 

H 

t° F 


G.1UJ. 

C.HU. 



B.Th U. 

B.Th.U. 


38-78 

613-0 

574-3 

1 

333 1 

0-1325 

1-9738 

1033-7 

1103-4 

101-8 

52*28 

6191 

660-0 

2 

173-5 

0*1748 

1-9170 

1020-4 

1114-3 

12 C -1 

60-83 

622-8 

562-1 

3 

118-5 

0-2007 

1-8839 

1011-8 

1121-1 

141-5 

67-22 

625-6 

558*5 

4 

90-5 

0*2197 

1-8607 

1005-3 

1126-1 

1530 

72-39 

627-8 

655-6 

5 

73-4 

0*2347 

1-8427 

1000*0 

1130-1 

162-3 

76-72 

629-7 

553 1 

6 

01-00 

0-2471 

1-8280 

995-5 

1133-4 

170-1 

80-50 

631-3 

550-9 

7 

53’55 

0-2579 

1-8158 

991-6 

1136-3 

176-9 

83-83 

632-7 

548-9 

8 

47-28 

0-2073 

1-8050 

988-0 

1138-8 

182-9 

86-83 

633-9 

547-1 

9 

42-36 

0-2757 

1-7957 

984-8 

11410 

188-3 

89-57 

635-1 

545-6 

10 

38-38 

0-2833 

1-7874 

982-0 

1143-1 

193-2 

9211 

636-1 

544-0 

11 

30-11 

0-2003 

1-7798 

979-2 

1144-9 

197-8 

94-44 

637-0 

542 ■ 6 

12 

32-38 

0-2967 

1-7729 

976-7 

1146-6 

202-0 

96 - G 1 

637-8 

541-3 

13 

30-04 

0-3026 

1-7666 

974-3 

1 ) 48-1 

205-9 

98-67 

638-7 

540-0 

14 

28-02 

0-3081 

1-7607 

972-0 

1149-6 

209-6 

100*0 

639*2 

539-2 

14-7 

20 79 

0-3118 

1-7570 

970-6 

1150-6 

212-0 

100-0 

639-4 

538-8 

15 

20-27 

0-3133 

1-7553 

969-9 

1150-9 

213-0 

102-4 

640 1 

537-7 

16 

24-74 

0-3183 

1-7502 

967-8 

1152-2 

216-3 

1041 

640-8 

536-6 

17 

23-38 

0-3229 

1-7454 

965-9 

1153-4 

219-4 

105-8 

641-4 

535-6 

18 

22-16 

0-3273 

1-7408 

964-0 

1154-5 

222-4 

107-3 

642-0 

534-6 

19 

21-07 

0-3315 

1-7365 

902-3 

1155-6 

225-2 

108-9 

042-6 

533-6 

20 

20 08 

0-3355 

1-7324 

960-5 

1156-6 

228-0 

110-3 

643-1 

532-7 

21 

19-18 

0-3393 

1 -7285 

958-8 

i 1157-6 

230-6 

111-7 

643-6 

531-8 

22 

18-37 

0-3430 

1-7248 

957-2 

1158-5 

233 - J 

113-1 

644-1 

530-9 

23 

17-62 

0-3465 

i • 7213 

955-6 

1159-4 

235-5 

114-3 

1 644-6 

530-1 

24 

10-93 

0-3499 

1-7179 

954-1 

1160-2 

237-8 

115-6 

j 645-0 

529-2 

25 

1 G -29 

0-3532 

1-7146 

952-6 

! 1161-0 

240-1 

116-8 

645-4 

528-4 

26 

15-71 

! 0-3564 

j 1-7116 

051 -2 

1161-8 

342-3 

1180 

645 - 9 . 

527 * 7 * 

27 

1517 

0-3594 

1-7087 

949-9 

i 1162-6 

244-4 

1191 

646-3 

527/ 0 

28 

14-67 

0-3623 

1-7059 

948*6 

| 1103-4 

246-4 

120-2 

646-7 

526-3 

29 

14-19 

0-3652 

1-7032 

947*3 

1164-1 

248-4 

121-3 

647-1 

525-6 

30 

13-74 

0-3680 

1-7006 

946-0 

1164-8 

250-3 

123*3 

647-8 

524-2 

32 

12-93 

0-3733 

1-6954 

943*5 

1166-0 

254-0 

125-3 

648-4 

622-8 

34 

12-22 

0-3783 

1-6904 

9410 

1167-2 

257-6 

127-2 

649-1 

521-6 

36 

11-58 

0-3831 

1-6859 

938-8 

i 1168-4 

261-0 

129-0 

649-7 

520-3 

38 

1101 

0-3876 

1-6816 

936-6 

, 1169-5 

i 

264-2 

130-7 

650-3 

519-2 

40 

10-49 

O ' 3919 

1-6776 

. 934-6 

1170-6 

267-3 

132-3 

650-9 

518-1 

42 

10-02 

0-3961 

1-6739 

932-6 

! 1171-6 

270*2 

133-9 

651-4 

5170 

44 

9-59 

0-4001 

1-6702 

930-6 

I 1172-5 

273-0 

135-4 

651-9 

515-9 

46 

9-20 

0-4039 

1-0667 

928-7 

1 1173-4 

275*7 

136-9 

652-3 

514-9 

48 

8 ; 84 

0-4075 

1-6633 

926-8 

; 1174-2 

278*4 

138*3 

652-8 

513-8 

50 

' 8-51 

0-4111 

1-6600 

924*9 

; 11750 

281-0 

139-7 

653-2 

| 512-9 

52 

8-20 

0-4145 

1-6569 

923*2 

i 1175-8 

283-5 

141-1 

j 653-7 

511-9 

54 

7-92 

0-4178 

1-6540 | 

921-5 

j 1176-6 

285 - 9 . 

142 * 3 * 

i 654-1 

511-0 

56 

7-65 

0-4210 

1-6512 

919*8 

! 1177-3 

288-2 

143-6 

! 654-4 

310-2 

58 

7-40 

0-4241 

1 -6485 

918*3 

1178-0 

290-4 



3 
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Tablk [II . — Properties of Saturated Steam. 


t° c. 

H ; 
C . H . U . . 

L 

C .1 I . U . 

* 

V 

4>io 

* 

L 

B.Th U . 

H 

B . Th . U . 

t° F. 

— 




— — 

— 




_ - 

i 10 

599*8 

589*8* 

0*178 

1700 

0*0360 

2*1194 

1001*7 

1079*7 

50 

15 

502' 2 

587*2 

0*248 

1246 

0*0535 

2*0915 

1056-9 

1083*9 

59 

20 

004*5 

584*5 

0*339 

925 

0*0706 

2*0648 

1052*1 

1088*1 

68 

25 

006*8 

581-8 

0*459 

695 

0*0875 

2*0392 

1047*3 

1092*2 

77 

30 

009*1 

579*1 

0*614 

528 

0* 1040 

2*0146 

1042*4 

1096*3 

86 

35 

011*3 

576*4 

0*814 

404-4 

0*1203 

1*9910 

1037*5 

1100*4 

95 

40 

613*0 

573*6 

1-068 

313*1 

0*1364 

1-0084 

1032*5 

1104*4 

104 

45 

615*8 

570 5 8 

1*387 

244*5 

0*1522 

1*9468 

1027*5 

1108*4 

113 

50 

6180 

568*1 

1*786 

192*7 

0*1678 

1*9261 

1022*6 

1112*4 

122 

55 

620*2 

665-3 

2*280 

153*2 

0*1832 

1*9002 

1017*6 

1116*4 

131 

60 

622*4 

562*6 

2*89 

122*8 

0*1983 

1*8871 

1012*6 

1120*4 

140 

65 

024*7 

559*8 

3*62 

99*2 

0*2131 

1*8687 

1007*6 

1124*4 

149 

70 

626*8 

556*9 

4*52 

80*7 

0*2278 

1*8510 

1002*5 

1128*3 

158 

75 

629*0 

554*1 

5*59 

06*2 

0*2422 

1*8339 

997*4 

1132*2 

167 

80 

031*1 

551*2 

6-87 

54*5 

0*2565 

1-8174 

992*2 

1136*0 

176 

85 

633*2 

548-3 

8*38 

45-20 

0*2706 

1*8015 

986*9 

1139*7 

185 

90 

635*2 

545*3 

10*17 

37*79 

0*2845 

1*7801 

981*5 

1143*4 

194 

95 

637*2 

542*3 

12*25 

31*74 

0*2982 

1*7712 

970*1 

1147*0 

203 

100 

039*2 

539-2 

14*70 

26*79 

0*3118 

1*7568 

970-0 

1150*6 

212 

105 

641*2 

536-1 

17*52 

22*73 

0*3252 

1*7429 

965*0 

1154*1 

221 

110 

643*0 

532-9 

20*8 

19*38 

0*3385 

1*7295 

959*2 

1157*4 

230 

115 

644*8 

i 529-7 

24*5 

16*59 

0*3516 

1*7165 

953*4 

1160*7 | 

239 

120 

646*6 

: 526-4 

28*8 

14*28 

0*3640 

1 7038 

947*5 

1163*9 

248 

125 

648*4 

1 523 1 

33*7 

12*33 

0*3775 

1*6914 

941*5 

1167*1 

257 

130 

650*1 

! 519-7 

| 

39*2 

10*70 

0*3902 

1*6793 

935*4 

1170*1 

266 

135 

651*7 

: 516*2 

45*4 

9*31 

0*4028 

!*6076 

929*2 

1173*1 

275 

140 

653*3 

I 512*7 

52*4 

8*14 

0*4153 

1*6562 

922*9 

1176*0 

284 

145 

054-9 

: 509*1 

60*3 

7*14 

0*4275 

1*0451 

916*4 

1178*8 

293 | 

150 

656*4 

| 505*5 

69*1 

6*28 

0*4397 

1*6343 

909*9 

1181*5 

302 

155 

657*8 

; 501*8 

78*9 

5*55 

0*4519 

1*6238 

903*2 

1184-1 

311 1 

; 160 

659*3 

1 498*1 

89*8 

4*92 

0*4639 

1*6136 

896*5 

1186*7 

320 

165 

660*0 

i 494*2 

10 J ’8 

4*37 

0*4757 

1*6036 

889*5 

1189-1 

329 

170 

061*9 

1 490*3 

1 J 5*0 

3*89 

0*4875 

1*5939 

882*5 

1191*5 

338 

176 

603*2 

486*3 

129*5 

3*47 

0*4992 

1*5845 

875*4 

1193*8 

347 

180 

664*4 

482*3 

1 145*5 

3*11 

0*5109 

1*5754 

868*2 

1196*0 

356 

185 

065*6 

478*2 

163*0 

2*80 

0*5224 

1*5604 

860*8 

1198*1 

365 

190 

666*7 

474*1 

182*0 

2*52 

0*5339 

1-5575 

853*3 

1200*1 

374 

195 

667*8 

489*8 

202-7 

2*27 

0*5452 

1 *5488 

845*6 

1202*0 

383 

200 

608*8 

465*4 

225-2 

2*05 

0*5565 

1*5403 

837*8 

1203-8 

392 

205 

069*7 

461*1 

249*6 

1-80 

0*5677 

1*5320 

829*9 

1206-5 

401 

210 

670*7 

456*6 

276*0 

1*69 

0*5788 

1*5239 

821-9 

1207-2 

410 

216 

671*6 

452 1 

304*5 

1*53 

0*5899 

1*5160 

813*8 

1208*8 

419 

220 

072*4. 

447*5 

335*2 

1*40 

0*6009 

1^5083 

805*5 

1210-3 

428 

225 

673*2 

442*9 

368*2 

1*29 

0*6119 

1*5008 

797*2 

1211-8 

437 

230 

674*1 

438*2 

403*6 

1*18 

0*6228 

1-4935 

788*7 

1213*3 

446 
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Table IV . — Estimated Properties of Saturated Steam at very High 

Pressures * 


t° c. 


II 

Ij 

1 

V 

V 

L 1 

1 

H | 

h 

r f. 


c . H . n . 1 

1 fi.ll.U. 

O.H.U. 


l 

R/Hi.U. ] 

B.Tli.U. ! 

B.Tli.U. 

. ... 

315- 0 

335-6 

646-7 

311-1 

1540 

0-272 

500 

1164 

604 

600 

326*7 

351-7 

039-4 

287-8 

J 659 

0-241 

518 

1151 

633 

620 

337-8 

368-3 

631-1 

262-8 

2057 

0-187 

473 

1136 

663 

640 

348-9 

388*9 ! 

617-8 

228-9 

2361 

0151 

412 

1112 

700 

660 

300*0 

4130 

! 600-0 

186-1 

2699 

0-118 

335 

1080 

745 1 

680 

371-1 



107-2 

3075 

0-080 

193 

1016 

823 

700 

if 74 '* 4 

511-7 

511-7 

o-o 

3200 

0-048 

0 

‘ 921 

921 

706 - 3 * 


* Critical temperature (see pp. 11 and 56). 


1 “Thermal Properties of Steam,” by G. A. Goodenough, Bulletin No. 75, University 
of Illinois, 1914. 


Table V . — Specific Volume of Water. 
Spocifio volume — u' — volumo of 1 lb. in cubic feet. 


t° 0. 

t° ¥. 

u 9 

t° C. 

£° F. 

u 9 

t° C. 


u’ 

0 

32 

0-0100 

100 

212 

0-0167 

200 

392 

0-0186 

10 

50 

0-0160 

110 

230 

0 - 01B8 

210 

410 

0-0189 

20 

68 

0-0160 

120 

248 

00169 

220 

428 

0 0192 

30 

86 

0-0161 

130 

266 

0-0171 

230 

446 

00195 

40 

104 

0-0161 

140 

284 

0-0173 

240 

464 

0-0198 

50 

122 

0-0162 

150 

302 

0-0175 

250 

482 

0-0202 

60 

140 

0-0163 

160 

320 

0-0177 

260 

500 

0-0206 

70 

158 

0*0164 

170 

338 

0-0179 

270 

518 

0 0210 

80 

176 

0-0165 

180 

356 

0-0181 

280 

536 

0-0215 

90 

194 

0-0166 

190 

374 

0-0183 

290 

554 

0 0221 
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Table VI . — Total Heat of Superheated Steam in C.H.TJ. 
p = pressure in lb. per sq. in. abs. t — temperature of saturation 


Degrees of Sujierheat (Centigrade). 


p 

f VJ. 


V 






i 



0 

20 

40 

60 

80 

100 

150 

200 i 

20 

108*9 

642*6 

652*4 

662*1 

671*8 

681*4 

691*0 

714*9 

738*7 ; 

30 

121*3 

647*1 

657*1 

6(56 • 9 

676*7 

686-4 

696-1 

720*2 

744*1 i 

40 

130*7 

650*3 

060- 4 

670*4 

680*3 

690*2 

700*0 

724*2 

748-3 I 

50 

138*3 

652*8 

663*1 

673*2 

683-3 

693*2 

703*1 

727*4 

751*6 

60 

144*8 

654*8 

665*3 

675*6 

686-7 

695*7 

705*6 

730*1 

754*3 

70 

150*5 

656*6 

667*2 

677*6 

687-7 

697*8 

707*7 

732-3 

766-6 

80 

155*6 

658*0 

668*8 

679-3 

689*6 

699*7 

709*7 

734*3 

758*7 

90 

160*1 

659*3 

670*2 

680*8 

691*2 

I 

701*4 i 

I 711*4 

736*1 

760*6 

100 

164*3 

660*4 

671*5 

682*2 

692*7 

702*9 

712*9 

737-8 

762*3 

120 

171*8 

662*4 

673*7 

684*6 

695*2 

705*4 

715*6 

740*6 

765*2 

140 

178*3 

664*1 

675*7 

686*7 

697*4 

707*8 

718*0 

743*0 

767*7 

160 

184*2 

666*4 

677*3 

688*5 

699*2 

709*7 

720*0 

745*2 

769*9 

180 

189*5 

666*6 

678*8 

690*1 

700*9 

711*4 

721*8 

747*1 

771*9 

200 

194*4 

667*7 

680*1 

691*6 

702*4 

713*0 

723*4 

748*8 

773*8 

250 

205*1 

669*8 

682*8 

694*6 

705*6 

716*3 

726*8 

752*5 

777*6 

300 

214*2 

671*4 

685*2 

697*2 

708*4 

719*2 

729*8 

i 

755*8 

781*1 


Table VIT .— Total Heat of Superheated Steam in B Th.U. 
p = pressure in lb. per sq in abs. t = temperature of saturation. 


r 

P 

#0 Til 



Degrees of Superheat (I'uhrenbeit). 


i 

i 

1 r. 

i 

0 

38 

72 

108 

Hi ; 

... J 

180 

*270 

360 ; 

! 

20 

228*0 

' 

1166-6 

1174*3 

1191*8 

1209*2 

1226-6 

1243*8 

1286*8 

1329-7 

1 30 

250*3 

1164*8 

1182-7 

1200*4 

1218*0 

1235*5 

1253 0 

1296*3 

1339*4 

40 

267*3 

1170-6 

1188*8 

1206*8 

1224*6 

1242*3 

1200*0 

1303*6 

1346*9 

50 

281*0 

1175*0 

1193*5 

1211*8 

1229*9 

1247*8 

1265*5 

1309*3 

1362*8 

60 

292-6 

1178*7 

1197*5 

1216*0 

1234*3 

1252*3 

1270*1 

1314-1 

1357*8 

70 

302*9 

1181*8 

1200*9 

1219*6 

1237*9 

1256*0 

1273*9 

1318*1 

1361*9 

80 

312*0 

1184*4 

1203*8 

1222*7 

1241*2 

1259*4 

1277*4 

1321*7 

1365*6 

90 

320*2 

1186*8 

1206*4 

1225*5 

1244*2 

1262*5 

1280*5 

1326*0 

1369*0 

100 

327*8 

1188*8 

i 1208*7 

1228*0 

1246*8 

1266-2 

1283*3 

1328-0 

1372*1 

120 

341*2 

1192*3 

1212*7 

1232*3 

1251*3 

1269*8 

1288*1 

1333*0 

1377*3 

140 

353*0 

1195*3 

1216*2 

1236*1 

1255*3 

1274*0 

1292*4 

1337*4 

1381*8 

160 

363*5 

1197*7 

1219*1 

1239*3 

1258*6 

1277*4 

1296-0 

1341*3 

1385*9 

180 

373*1 

1199*9 

1221*8 

1242-2 

1261*6 

1280*6 

1299-2 

1344*8 

1389*5 

200 

381*9 

1201*8 

1224*1 

1244-8 

1264*4 

1283*4 

1302-1 

1347*9 

1392-8 

250 

| 401-1 

1205*6 

1229*1 

1250*2 

1270*1 

1289*4 

1308*3 

1354*5 

1399-7 

300 

417-6 

1208-6 

1233*4 

1255*0 

1275*2 

1294-6 

1313*7 

1360-4 

1406-0 
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Table VIII . — Specific Volume of Superheated Steam . 
Volume in cubic feet per pound. 


Degrees of Superheat (Centigrade). 
2u 40 | 60 | 80 | 100 


Degrees of Superheat (Fahrenheit). 
72 | 108 | 144 | 180 


20 108*9 228-0 20*08 21*23 22 30 23*47 24*57 25-07 
30 121-3 250-3 13*74 1453 15-29 1604 16*78 17*52 
40 130*7 267*3 10*49 11*09 11-08 12*25 12*81 1337 
50 138*3 281*0 8*51 9 00 9*47 9*93 10*39 10*84 

00 144-8 292 0 7-17 7-58 7 98 8 37 8*70 9*14 
70 150-5 302-9 6*20 6*50 6*91 7-25 7*58 7*91 
80 155-0 312*0 5*47 5*79 0*10 0*39 0*68 0*97 
90 160*1 320-2 4*90 5*19 5'46 5*72 5*98 6‘24 

100 104-3 327*8 4-44 4*70 4*95 5*19 5*43 5*60 
120 171*8 341*2 3-73 3*96 4- 17 4 37 4*57 4 77 
140 178*3 353*0 3*23 3 42 *3 01 3 79 3*90 4*13 
160 184-2 303*5 2*84 3 01 3- 18 3*34 3*50 3*65 

ISO I 180-5 ; 373-1 2-54 2*70 ! 2-85 2-99 j 313 3-27 
200 194-4 ! 381-9 2 30 2-44 2 58 2*71 | 2-84 2-90 
250 1 205-1 401-1 1-80 198 2-09 2-20 j 2-30 2-40 
300 • 214-2 | 417-0 1-50 1-00 1 1-70 1-85 1 1!)4 2‘03 


Table IX. — Total Entropy of Superheated Steam. 

Degrees of Superheat (Centigrade). 

40 * 60 | 80 | 100 


Degrees of Superheat (Fahrenheit). 

72 | 108 144 | 180 270 360 

20 108-9 228 0 1-7324 j 1-7674 1-7810 1 -8034 ! 1-8247 1-8451 1-8922 1 9360 

30 121-3 250-3 1 7000 I 1-7252 1-7484 1 -7704 | 1 -7913 1-8114 1-8577 1-8998 

40 130-7 207-3 1-0770 ! 1-7020 1-7251 1-7409 ! 1-7077 1-7870 1-8334 1-8750 

50 138-3 281-0 1-0600 j 1-0844 17074 1-7291 j 1-7498 1-7695 1-8149 1-8501 

00 144-8 292-0 1-6458 1-0702 1-0931 -714711-7352 1-7547 1-7997 1-8406 

70 150-5 302-9 1-6335 1-6580 1 0809 - 7024! 1-7228 1-7422 1-7870 1-8276 

80 155-6 312-0 10229 1-6475 1-6704 -6919 1-7122 1-7315 1-7760 18164 

90 160-J 320-2 1-6136 1-6382 1-6611 -6826! 1-7028 1-7220 1-7663 1-8065 

100 164-3 327-8 -0050 1-6297 1-6526 -674011-6941 1-7132 1-7573 1-7973 

120 171-8 341-2 -5006 1-6156 1-6384 -6597:1-6797 1-6987 1-7425 1-7822 

140 178-3 353-0 - 5784 1-6035 1-6265 (1478 1-6077 1-0866 1-7301 1-7695 

160 184-2 363-6 -5678 1-6932 1-6162 0374 1-6572 16760 1-7193 1-7586 

180 189-6 373-1 -5583 1-5840 1-6070 -6281 1-0478 1-6665 1-7096 1-7485 

200 194-4 381.-9 - 5498 1-5758 1-5989 -6199 11-6395 1-6581 1-7010 1-7398 

250 206-1 401-1 -6319 1-5686 1-6817 - 6026 1-6221 1 6406 1-6832 1 1-7217 

300 1 214-2 417-6 - 5173 1-5460 1-5082 - 5891 1-6085 1-6269 1-0602 1-7074 


2 l* 


Temp, of 
p — j Saturation 



270 

360 

28-41 

31-13 

19*36 

21*18 

14-76 

lfl* 13 

11-96 

13*06 

10*08 

11*00 

8*72 

9*51 

7*69 

8*39 

6*8B 

7*50 

6*23 J 

6*79 

6*25 

5*72 

4*65 

4*96 

4*02 

4*38 

3*60 

3*92 

3*26 

3*55 

2*65 

2*89 

2*24 

2*44 





NUMERICAL ANSWERS TO EXERCISES 


Exercises I, pp. 21, 22. 

1. 982-2 ; 815-6 ; 95 ; 22-2 ; - 3-9 ; - 17-8 ; - 21-1. 

2. 2782 ; 1022 ; 215-6; 68 ; 46 4 ; 3 2; - 4. 

3. — 40. 4. 0-081 inch. 5. + 0-00972 inch. 6. 35-863 inches. 

7. 1-304 lb. 8. 1194 C.H.U. ; 0 0965. 9. 0 0296. 

10. a = 0-111 ; 6 -= 0 00004. 11. 80-4 C.H.U. 12. 243-8 C.H.U. 

13. 27191b. 14. 1-6C6 lb. 15. 61-2° C. 16. 72,320 B.Th.U. 17. 0-6 per cent. 

18. Q = 6114 C.H.U. (11,005. B.Th.U.). Temperature beads, per cent. — Gas 
film, 96-6 ; plate, 12 ; water film, 2-3. a — 7017 for °0. and C.H.U., or 126-3 for 
°F. and B.Th.U. 

19. Case I: Q = 8786 B.Th.U. ; a= 164-8. Ca.-e II: Q = 14,820 B.Th.U. ; 
a = 97-2. 

20. (a) 2,688,000; (b) 2,484,472; (c) 6,732,000; (d) 6,035,389; (e) 11,718,000. 


Exercises II, pp. 48-51. 

1. 80 lb. per sq. inch. 2. 55-62 lb. per sq. inch. 

3. 13-974 cubic feet ; 17-566 cubic feet.; 3 069 lb. 

4. 78-5 lb. per sq. inch ; 5-696 cubic feet. 5. 1384. 

6. 802°C. ; 143-3 lb. per sq. inch. 7. 60-6°C.; 1-28. 8. 20 cubic feet. 

9. (a) 29-4 lb. per sq. inch ; 13-44 cubic feet ; 128-52 B.Th.U. ; 91-26 B.Th.U. ; 
28,987 ft.-lb. or 37-26 B.Th.U. (6) 6994 lb. per sq. inch; 6-59 cubic feet; 91-26 
B..Th.U. ; 91-26 B.Th.U. ; 0. 

10. 7016 ft.-lb. 11. 46-51 lb. per sq. inch ; 282-4°C. ; 10,500 ft.-lb. 

12. (a) 593-9°C. (1101° P.) ; 121,464 ft.-lb. (6) 777° C. (1430-6° P.) ; 155,040 ft.-lb. 

13. 1-23. 14. 1-27. 15. h =0-168; k p = 0-237. 

16. 57,024 ft.-lb. ; 15-27 C.H.U. (27-49 B.Th.U.). 

17. 3-346 C.H.U. (6-023 B.Th.U.). 18. 142-6. 19. 342,940 ft.-lb. 

i I 2 1 I 

20. 26 inches. 21. 0, = (C 8 » - 0j»)“ ; C t = (V - 4 - (C a « - <V). 

22. 989; 93. 23. 101*4; 36*8 lb. per sq. inch. 24. 75 per cent. 

25. (a) 21*8 inches ; ( b ) 25*6 inches. 

26. (a) 26 81 lb. ; (6) 32*54 ; if) 49*43 lb. ; id) - 76-1° C. (- 105° F.). 

•27. 125*7° C. (258*3° F.). 


Exercises III, pp. 78, 79. 

1. 23,114 ft.-lb. ; 16-51 C.H.U. (29-72 B.Th.U.). 

2. In water: 8,151,446 O.H.U. (6,672,603 B.Th.U.); 1,969,654 ft.-tons. In 
steam: 78,767 C.H.U. (141,781 B.Th.U.); 49,229 ft.-tons. 

3. n — H ; O = 486-6 ; 13-76 ; 4-894 ; 8-026 ; 1-871. 

4. a =» 0-0134, b = 0*002118 ; p = 116, w = 0-2570, v = 3-89 ; p =* 129-5, 
to = 0-2877, v = 8-48. 

6. 615-4 C.H.U. (1107-7 B.Th.U.). 6. 8-76 lb. 7. 0-8. 8- 11-92 lb. 

9. 614-7 C.H.U. (1106-5 B.Th.U.) ; 669-3 C.H.U. (1025-6 B.Th.U.) 10. 1-4417. 
11. 0-0707, 0-1987, 0-3121, 0-4140 ; 2 0656, 1-8882, 1-7577, 1-6554. 

679 
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12. JO-949. 13. 0-866, C-881, 0 896, 0-911, 0-927. 

14. 0-523; 0-526. 15. 17 44 cubic feet; 1-134. 

16. 46-12 lb. per sq. inch ; 1-319. 17. 0-952 ; 0-2149. 18. 0'98. 

19. 0-94. 20. 0-493. 21. 0 94. 22. 0 945. 

• 

Exercises IV, pp. 93, 94. 

1. 53 3. 2. Prossures in lb. per sq. inch abs. 100,42-66,127-98, 300. Volumes 

in cubic feet, 1617, 2-960, 0-987, 0-539. Efficiency, 0-218. 

3.0-5 4.0-291. 5. (a) 0-309 ; (b) 0-854. 6. Efficiencies, 0-235 and 0-241. 

Exercises V, pp. 118-120. 

1. (a) CO, 29-1. N 70-9. lb) CO, 21, N 79. (c) 294. 

2. (a) CO, 19-9, N 72-8, 0 7 2. (6) CO, 14, N 79, 0 7. (c) 441. 

3. 3 47 lb, ; 15-09 lb. ; CO, 12-0, N 84 ^ O 3-6. 

4. 11-5 lb. ; CO, 12-7, SO, 01, N 80 2, O 7 0. 6. 4-86 cubic feet. 

7. 0-96; CO, 14-6, N 81-3, 0 4 0. 8. 10 8 lb. ; 6-9 lb 9. 16 lb. 

10. 8-4 per cent. ; 18 15 lb. ; 1S-83 lb. 11. 25 9 lb. ; 114 lb. 

12. 12060 C.H.U. (21708 B.Th.U.) ; 22-4 lb. ; 151 lb. ; CO, 141, H.O 6-1, 
N 73-5, O 6-3; CO, 101, N 83 8, O 61. 

13. 7212 C.HU. (12,982 B.Th.U.); 13-4 lb.; 90 lb.; CO, 141, H,0 8-6, 
N 71-2, O 61 ; CO, 10 2, N 83 7, O 6 0. 

14. 7885 C.H.U. (14,193 B Th.U.) ; 7691 C.bf.U. (13,844 B.Th.U ) ; 14 63 lb. ; 
14 27 lb. 

15. (a) 123-5 B.Th.U. (6) 0-86 cubic foet (c) CO, 17-1, N 82-9, water vapour 

condensed. 16. 11,489 C.I1.U. 17. 891 C.H.U. (1604 B.Th.U.). 

18. 1618° C. (2944° F.). 19. 854° C. (1569° P.) ; 778° C. (1432° F.). 

20. 11,765,657; 16,404,040. 

Exercises X, pp. 215, 216. 

1. Volume of products— (a) 312-8, (6) 463-2, (c) 613 7 cubic foot. Volume of 
air— (a) 300-9, (6) 451-3, (e) 601-8 cubic feet. 

2. 92-65 feet. 3. 0-745 inch. 4. 113-3 feet. 5. 107 feet. 

6. 5 06 foet. 7. 0-24 per cent. ; 11-1. 9. 11. 10. 6 6. 

11. (a) 77-8. (b) 0-09 lb. 12. 6-1 ; 31-7. 

Exercises XI, pp. 228-230. 

I. (a) 10-2 lb. (6) 10 1 lb. 2. A, 10-3 lb. B, 10-5 lb. C, 11-7 lb. 

3. (1) 22431b. (2) 9-15 lb. (3) 10-6 I b^ (4) 3-2 lb. 

4. 36-8 lb. ; 6-7 lb. 5- 93-4. 6. 64 per cent. Jl. 73 per cent. ; 66-7 per cent. 

8. 9'54 lb. ; 11- 1 lb. ; 77 per cent. 9. 69 per cont. ; 9-56 lb. ; 9-96 lb. 

10. (a) 75 per cent. (6) 2256 B.Th.U. or 15-3 por cent, of the heat of combus 
tion of the coal. 

II. 22-5; 20-1; 0-282 ; 0-246. 12.17 86 1b. 13.2-3. 

14. (a) 1-68. (b) 4-11. (c) 9-78. (d) 7 40 

Exercises XIV, pp. 280, 281. 

1. 36 6 ; 36-9 ; 14*8 ; 22 9. 2. 119 lb. per sq. inch : 0-2 of stroke from end of 

exhaust stroke. 3. 13*43 inches. 4- 60*6; 1307 1b.; 21*0 lb. 


Ih 

120 

80 

40 

o. 

Vi 

120 

80 

40 

H 

! 30-9 

18-4 

6-0 


IT 

31-5 

18-7 

6-9 

W 

| 599 

j 

409 

212 


W 

676 

448 

212 



1 









m** 15*o4. a, = 121. m ~ 18*12. k ^ 107. 
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Exercises XV, pp. 303-305. 

1. 100. 2. 256-9 and 224 0. 

3. (a) 12-95 lb per sq. inch (b) 5 26. ($ 19 6 lb. 

4 23*62 lb. per sq. inch. 5. 21-17 lb. pe£ sq, inch 

6 . 16*65, 70-5, 11, and 4-5, all in cubic feet. 

7. H.P., 1-673 lb. ; L. P., 1*642 lb 11. 32 lb. per sq. inch ; 0 55 

12. 64 C.H/J. (115-2 B Th. U.). 13. 19*5 C.1I.U. (35 1 B.Th.U.). 


Exercises XVI, pp. 315-317. 

I. 4041 lb. 2 8517 1b. 3.(5)018. (e) 59 2 lb., 531 1b. 4.0 049 

6. 7. 7-64 ft. ; 844.437 ; 241. 

8. 5903 lb. 9 58-54 foot-tons. 10. 3943 lb. 

II. 1019 lb. ; 2 24 per cent. 

12- Moments of inertia: 91,377 and 97,974 in lb and ft. units. Weights: 
10,153 lb. and 10,886 lb 

13- External diainotor, 6 feet 3 iuclies. Section of rim, 7 inches deep and 7*3 
inches wide. 


Exercises XVII, pp. 338-341. 

1 14 09; 106; 120. 2. 5-9; HI, 2 3. 3. 192-3; 0-88 inch. 

4. 136*7 revs, per min. 5. 57*8 lb. 6. (a) 1 inch. (5)217. (c) 219. (d) 218. 

7- [a) 50*8. (6) 42-9. (c) 54 4. (d) 46-0. 8- (n) 139-9. ( b ) 93*6 lb. (c) 11 12 lb. 
11. 235; 248; 254; 258. 12. 2 77 inches; 164; 175; 109; 159; 170. 

13. 0-606 lb. ; 4 04 lb. ; 16*5; 2*5. 14. 102*5 revs, per min. 

15. («) 236 (b) 207. 16. 87*7 lb. allowing for gravity effect of balls. 

17- 17*8 lb. per inch deflection. 18- 288 and 377 revs, per min. 

19. 5-4 lb. 20. 20*9 lb. per inch deflection ; P = 83*6 r — 173 9. 

21. 11*6 inchos ; 300 lb. ; 297 revs, per min. 

24. 41-3 ft. -lb. ; 85 lb. ; 6-18 inches. 


Exercises XVIII, pp. 383-385. 

I. 20,067 lb. or 8*96 tons. 2. 7337 lb. or 3*28 tons. 

3. 1806 lb. ; 660 lb. 4. 11 inches. 

5. 1*65, 5*95, 11*27, 15*95, 18 97 ; 134, 5*00, 10*00, 15 00, 18*66. 

6. At cover end, 0*25 inch. At crank cud, 0*125 inch. 

7. 0 = 38° ; dx = - 6° ; 0, = 119*9° ; 0 3 = 154 8" ; 0 4 = - 401)°. 

8 0 =» 33° ; 0, = - 3° ; 0 8 = 117° ; 0 3 = 144*4° ; 0 X = - 30*5°. 

9. e = 0*23 inch ; 0, = - 675” ; e 2 = 96*75° ; 0 3 -= 146° ; 0 4 = - 56°. 

10. o=l *79 inches ; t = 0*32 inch ; 0 -= 46 -9° ; 0, = — 3*9° ; 0 4 = — 53-9°. 

II. r = 4*07 inchos : c = 0 25 inch ; 0 = 47 -5' 1 ; 0 3 = 136° ; 0 4 — — 51°. 

12. r = 2*4 inches; 0 = 51*3 ‘ ; 0 t = - 12 7° ; 0 3 = 140*7° ; 0 4 = - 63*4°. 

13. 3 34 inches ; 0*67 inch. 

14. 4*94 inchos; 0*97 inch; 016 inch. 1-47 inches; 0*22 inch; 0*01 inch; 
1 inch. 

• 15. (1) 60°, (2) 30°, (3) 15*5 \ 8-5 inches. 

16. Crank side, 1*67 inches; cover side, 1*33 inches ; 21-2 per cent. 

17. (a) 139° ; 160*4°; - 23 4°; - 2*1°. 

(6) 91° ; 136*6° ; - 51° ; - 5*4°. 

18. (1) r -- 1*28 inchos, <f> = 90°, c = 0 28 inch. 

(2) r = 1*54 inchos, <p = 53-6°, e = 0-24 inch. 

(8) r = 2*125 inchos, <f> = 31 2°, c = 0*10 inch. 

19. (1) r = 1 inch, <f> = 90°, e = 0 00 inch. 

(2) r = 1-42 inchos, <f> = 47*1°, c — 0 04 inch. 

(3) r = 2*19 inches, <f> = 32°, e = 0*16 inch 

20. Cut-off, down stroke, at 63 par cent, of stroke Cut-off, up stroke, at 
66 per cent, of stroke. Compression, oach stroke, at 85 per cent, of stroke. 

21. Cut-off at 85 per cent, of stroke. Compression at 93 per cent, of stroke. 

22. 1*29 inches; 42*8°. 23. 0*4 inch. 24. 1369 lb. 
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Exercises XIX, pp. 895-397. 

1. 115-7 ; 15*7 ; 86-4 per cent. 2. 83-6 per cent. 3. 786 ; 411*5. 

4. 160 revs, per min. ; 87 -8 per oent. 

5. Simple, 1036 ; compound, 1244. Simple, 0 043 ; compound, 0-056. Simple, 
0*718 ; compound, 0*723. 

6. (a): (1) 10-95 lb. per I.H.P. per hour; (2) 111*5 C.H.U. (2007 B.Th.U.); 
(3) 0 816. ( b ) : (1) 11*78 lb. per I.H.P. per hour ; (2) 120 C.H.U (216 B Th U.) ; 
(3)0*798. 

7 («) 121*2 C.H.U. (2181 B.Th.U.). (5) 0194 (c) 0770. 



Gross heat supplied 
Heat converted into work . . 

Carried away in exhaust steam 
Unaccounted for .... 


per min. 


c.h.u. j 

I B.Th.U. 

1 

13,396 

24,113 1 

100 

1,740 

3,132 ! 

13 

10,720 

19,29G j 

80 

936 

1,685 

i 7 


9. (1) 434*6. (2) 278-1 (3) 712*7. (4) 23-52 lb. per so. inch. (5) 12*21 lb. 

(6) 241. (7) 0 176. (8) 152. (9) 0 631. 


Exercises XX (a), pp. 409, 410. 

1. 0-933 ; 86 55 lb. per sq. inch ; 0*936 lb. per sec. 2. 0 512 inoh. 

3. 1449; 1480; 1507; 1520. 4. 0-515 inch ; 1822 inches. 

5. 0-513 inch; 1816 inches; 0*9833. 

6. (a\ 0794 ; 3845 ft. per soo. (6) 0 834 ; 3979 ft. per sec. 

7. 0*309 inch; 1210 inches. 

8- (a) 678 lb. (5) 0-256 inch, (c) 0 472 inch, {d) 98 6° C. (209*5° F.). 

9. (a) 11-8 lb. (b) 0-335 inch, (c) 0 643 inch, (d) 64-9° C. (148 8° F.). 

10. (a) 5-69 lb. (6) 0 259 inch, (c) 1-52 inches. ( d ) 96 5° C (2057° F.). 


Exercises XX ( b ), pp. 430-432. 

1. 31° 2' ; {a) 1381 It. per (tec. ,'0-844 ; (6) 918 ft. per sec., 0-789. 

2. 364 ; 14-0 lb. 3. 3643 ft. por sec. ; 29° 50' ; 1110 ft. per sec. ; 63° 54'. 

4. 41° 49'. 5. 9 03 lb. 6. (1) 3550 ft per see. ; (2) 1300 ft. por sec. (3) 
134-6 lb. : (4) 6-75 lb. ; (5) 318 ; (6) 286 ; (7) 15-7 lb. 

8 . 0, = 0, = 23° 14'; 0, = 0 4 = 33°47'; 0 5 = 0„ = 56° 37' ; «, = = 27° 35' ; 

c s = = 42° 52' ; (a) 266-7 lb. ; (6) 0 ; (c) 106,670 ff.-lb. ; (d) 0-876. 

9. 25° 6' ; 30° 41' ; 43° 54' ; 0-675. 

10. (a) 0-88; (5)0-86; (c) 0 83. 

11. (a) 27° 7', 23° 8'; (6) 8758 ft. -lb. ; Ic) 0-746. 

12. 0-833 ; 517-1 C.H.U. (930-8 B.Th.U.); 204-7 C.H.U. (368-5 B.Th.U.). 

13. (a) 182-2 C.H.U. 328 B.Th.U.); (6) 138-5 C.H.U. (249-3 B.Th.U.) ; (e) 9-9. 

14. 66-7 per oent. 16. (a) 182-4 C.H.U. (328-3 B.Th.U.) ; (6) 93 6 C.H.U. 
(168-6 B.Th.U.) ; (c) 94-4 C.H.U. (169-9 B.Th.U.) ; (d) 0-67 ; (e) 1-031. 


Exercises XX (c), pp. 450, 451. 

I. 1-31 C.H.U. (2-86 B.Th.U.). 2. (a) 32° ; (6) 0-68. 3. 262 ; 524. 

4. 26,858 ft. -lb. 5. <a) 102 ; ( b ) 330 lb. ; (c) 1-061 inches ; (d) 7-767 inches. 

6. (a) 11-2; (6) 2-7. 7. 94-5 per oent. 8. 8-33 lb. 

9. S = 12K + 7000, where S is the total steam consumption in lb. per hour 
when the output is K kilowatts : 13*75. 10. 69*3 per cent. 

II. 15*74; 94*5 per cent. 12. 0*676. 

18. 13*25 lb. per Kw. hour ; 69*1 per cent. 
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Exercises XXI, pp. 472, 473. 

I. 27’8 inches; 28*2 inches. 2. 98*6 per cent 3. 75 per cent. 

4 . 52*8 lb. 5. 35*2 lb. 6 . 0*798. 7 . 0*712 lb. per. sq. inch ; 1*410 lb. 

8 424. 9 . 414. 10 * Neglecting the effect of the air at the stoam inlot ( 1 ) 
26*16 inchos (barometer 29*8 inches) ; (2) 1*387 lb per sq. inch, and 0*399 lb. 
per sq. inch ; 0*565 lb and 1*227 lb. It is assumed that the air pump deals with 
the moist air only and not with the condensate. 

II . 6-8 lb. 12 . 1, 1*48, and 2*88. 


Exercises XXII, p. 514. 

1. 597 C.lf.U. ; 543 5 O.H.U. 2 491 O.H.U. ; 32 8 0 H.U 

3. 79-9 0.11.1.’. (113 8 B.Th.U.) ; 74 4 O.H.U. (133-8 B.Th.U.). 

4. Higher, 74-0 O.H.U. (133 3 B.Th.U.) per c. ft . 1032 O.H.U. (1858 B.Th.U.) 
per lb. Lower, 70 6 O.H.U (127 B Th.U.) per c ft., 983 O.II.U (1770 B.Th.U.) 
per lb. Air, 0*9 o. ft. 5. 3*093 shillings. 


Exercises XXIII, pp. 543-545 

I. 170 lb. per sq. inch ; 436° 0. (817° F 1 .). 

2- Pressures, in lb. per sq inch abs : At ond of compression, 131*7 ; at end of 
explosion, 329*3 ; at end of expansion, 37*5. 

Temperatures, in dog. C. : at end of compression, 373*2; at end of explosion, 
1343 ; at cud of expansion, 647. M.E.P. 60*8. 

3. (1) a, 213° G. ; (L) 6, 1447° G. ; (L) c, 1551° G. (2) a, 11-3 1 G.H.U. ; (2), 6, 
1*31 G.H.U, 

4 . {a) 0*327 ; (6) 0*468 ; (c) 0 699. 5. 13*85 ; 478*2 lb. per sq. inch. 

6. 0 582; 0*704; 0*325. 7. 0 410. 

8. (1 ) K„ = 17*61 + 0 00688T ; (2) K„ = 0*161 -h 0 000,0628T ; 

(3) K P *= 0*2377 -f 0 000.062T - 0 000,000,00725^. 

9 - 0*2505 G.H.U. ; 51*03 ; 43*28. 10 1440° G. 

II. K r = 19*534 -H- 0*007154/ - 0 000,000, 466/*. 

Internal energy - (19*534 }- 0 003577/ - 0 000,000, 155/=) /. 


Internal Energy in Foot-Pounds . 


t r} c. 

500 | 

1000 

I5D0 

: i 

2000 

By above formula 

10642 

22956 ! 

30826 

52136 

„ Langon „ . 

10605 

22930 

36975 

52740 

„ Wimperis ,, 

10450 

22950 

37500 

54100 

„ Stodola ,, 

10914 

3019 

36417 

50808 


12 . Internal energy = (19*56 + 0*00363/)/ ft. -lb. per c. ft. ; 29,323 ft.-lb. 
per c. ft. 

13 . Internal energy = (19*38 -f- 0*00324/)/ ft.-lb. per c. ft.; 22,620 ft. -lb. 
per c. ft. 14 . 82*9 per cont 

15 . Volumetric efficiency, por cent. : (1) 80*9; (2) 81*1; (3) 81*9; (4) 81*0. 

16 . 78*7 per cent. ; 7*83. 17 . 20*25 G.H.U. ; 19 70 G.H.U. 

18 . 819° C. 19 . 106° G 20 G2*65 lb. per sq. inch ; 6 129 ; 28,544 ; 1 24. 

21 . 1852° C. ; 1128° G. ; 402 lb. per sq. inch; 64*1 lb per sq. inch; 37*1 per 
cent ; 47 per cent. 

22 (a) 0*1098; (6) -0*0153; (c) 0*2078; (d) 0*2305. 

23 . 56584 ; 25. 24 . 85 lb. per sq. inch. 
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Exercises XXIV, pp. 567-570. 

1. 0-86; 0-703. 2 16-39; 13-71 ; 0-278 ; 0 836. 

3. 24-6; 16-34 c. it. ; 0-232. 4. 563-5. 

5. (ffl) 27-81 ; (6) 0 253 ; (c) 15 46 o. ft. 6. 0-313 ; 0.631. 7. 39 per cent. 

8. (a) 39'02; ( b ) 32*01; (c) 82 por cent. ; ( d ) 34 per cent. ; \e) 65*6 per cent. 
Heat balance , per cent. — Heat supplied, 100 ; hoat convortcd into work, 34 ; heat 
lost in jacket water, 29 ; heat lost in exhaust gases and unaccounted for, 37. 

9. 51*9 per cent ; 67*8 per cent. ; 75*5 per cent 

10. G = 13B + 120 ; 258 c. ft. 12. 104 lb. ; 57 2 c ft. 13. 28*42 C.H U. 

14. 130 2 lb. per sq. inch. 15. Equations to Willans lines. — W = 0*4513 -f- 7*2 ; 

W =* 0-44B + 5*9 ; W = 0*46B 4- 3*7. 

10. 109 lb. per sq inch ; 27*7 per cent. ; 133 lb. por sq. inch; 33*8 per cent. ; 
73*6 per cent. 

17. (a) 22*7 ; (b) 0*62 lb. ; (c) 21*9 per cent. ; (d) 110 lb per sq. inch. 

21. Mechanical efficiency = £.oj^^lv267 P er cen ^ 

Indicated thermal efficiency = 47*97 — 7*92ir per cent. 

Brake thermal efficiency a maximum when x = 1*027. 

22- 0*325 lb. ; 0*345 lb. ; 41 -6 per cent. ; 39*2 per cont. 

23. 0 690; 0 484 ; 0*444; 0*446; 0*467. 

24. Heat supplied, 100 ; heat converted into work, 39*6 ; heat carried away in 
jacket water, 21 *6 ; heat carried away in exhaust gases, 26*8 ; heat lost by radia- 
tion and unaccounted for, 12*0. 



INDEX 


(Numbers refer to pages.) 


Absolute temperature, 23 
Absolute zero of temperature, 24 
Accumulator, regenerative steam, 446 
Adamson flanged seam, 147 
Adhesion of locomotives, 241 
Adiabatic equation for a gas, 30 
Adiabatic expansion and compression, 
30 

Adiabatic expansion of steam, 68 
Adiabatic expansion or compression 
with variable specific heats, 527 
Aero engines, 506 
Air, composition of, 98 
Air compressors, 39 
Air ejectors, steam, 472 
Air for combustion, 99, 103 
Air pump capacity, 470 
Air pump, dry, 466 
Air pump, Edwards, 465 
Air pump, Leblanc rotary dry, 471 
Air pump, ordinary reciprocating, 461 
Air pump valves, 465 
Air pumps and condensers, 452 ct scq . 
Air pumps, combined wot and dry, 467 
Air pumps, functions of, 464 
Air pumps, types of, 464 
Air standard efficiency, 516 
Alcohol, density and calorific value of, 
483 

Allan link motion, 368 

Allen high-spoed engine, 236 

Ampere, 19 

Anthracite, 113 

Articulated locomotive, 241 

Artificial draught, 211 

Artificial fuels, 113 

Atomic theory, 95 

Available heat, 387 

Axial flow turbines, 439 

Axial thrust on turbine whoel, 412 

Babcock and Wilcox boilers, 133- 
136 

Back pressure turbines, 446 
Balance piston, 345 
Balance pistons in roaction turbine, 
435 

Beldam’s metallic packing, 255 
Belpaire fire-box, 128 


Benzene, density and calorific value of, 
483 

Bilgram valve diagram, 355 
Bituminous coal, 112 
Blarling, Allis-Chalmors, 439 
Blading, Willans and Robinson, 43S 
Blading of reaction turbines, 438 
Bleeder turbines, 447 
Blow-off valves, 173 
Board of Trade unit, 19 
Boiler liorse-powor, 218 
Boilor mountings, 158 ct scq. 

Boiler mountings, bases for, 153 
Boiler stays, 149 
Boiler tubos, 153 
Boilers, efficiency of, 219 
Boilers, steam, 12 i et scq. 

Boiling point, 2, 9 

Bonccourt surfaco combustion boiler, 
142 

Bourdon gauge, 160 
Boyle’s law, 23 

Bremmo gear, equivalent eccentric of, 
378 

Bromine valve gear, 373 
Briquette fuel, 113 
Brooke’s steam trap, 197 
B.Th.U., 5 

Buckets of Ciirtis turbino, 429 
Buckets of ltateau turbino, 424 
Buckets of Zoelly turbino, 42 1 
Buckley’s packing, 252 
Burners for liquid fuel, 115 

Caking coal, 112 
Calorific valuo of fuel, 105 
Calorific values, higher and lower 106 
Calorific values of constituents of 
gaseous fuels, 482 
Calorific values of liquid fuels, 483 
Calorimotor, separating, 77 
Calorimeter, throttling, 75 
Calorimeters, steam, 75 
Campboll oil engine, 498, 501 
Cannel coal, 112 
Carbon, calorific valuos of, 108 
Carbon valuo of a fuel, 109 
Carburettors, 508 
i Carnot cycle, 80 
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Carnot cycle with steam, 88 
Centigrade scale, 2 
Characteristic equation of a gas, 24 
Charcoal, 113 
Charles, law of, 24 

Chemical compound, calorific value of, 
108 

Chemical principles, 95 
Chimney draught, 206 
Chimney, efficiency of, 210 
Chimney gases, heat loss in. 220 
Chimney gases, volume of, 206 
C.H.U., 5 

Clearance in compressors, effect of, 41 
Coal, 102, 112 
Cochran boiler, 123 

Coefficient of fluctuation of energy, 309 
Coefficient of velocity, 412 
Coefficients of expansion, 3, 4 
Coke, 114 

Combined impulse and reaction tur- 
bines, 444 

Combustion and fuel, 95 et seq. 
Composition of air, 98 
Composition of fuels, 98 
Compound engines, 234 
Compound impulse turbines, 418 
Compounding and superheating in 
locomotives, 392 
Compounding, reason for, 233 
Compressed air motors, 45 
Compression of gases, 23 et seq . 
Compression pressure, limiting, 484 
Compressors, air, 39 
Compressors, multiple-stage, 42 
Condensation of steam, water for, 460 
Condenser efficiency, 461 
Condenser tube plates. 460 
Condenser tubes. 460 
Condensers and air pumps, 452 et seq. 
Condensers, ejector, 457 
Condensers, jet, 455, 466 
Condensers, sources of air in, 462 
Condensers, surface, 458 
Condensers, types of, 454 ■ 

Condensing engines, performance of, 
394 

Condensing plant, elements of, 464 
Condition curve for turbines, 426 
Conduction, 11 
Connecting rods, 261 
Constant dryness lines, 63 
Constant volume lines, 63 
Controlling force.. 326 
Controlling force, curves of, 386 
Convection, 11 
Corliss valves, 883 
Cornish boilers, 123 
Coupling rods, locomotive, 263 
Crank effort, 806 
Crank effort diagrams, 306 
Crank effort diagrams and fly-wheels, 
306 et seq. 

Cranks and crank shafts, 264 


Critical pressure, 11, 398 
Critical state, 11 
Critical temperature, 11 
Critical temperature of steam, 56 
Crosby feed-water regulator, 191 
Crosby indicator, 283, 285 
Crosby stop valve, 169 
Crossed-arm governors, 329 
Crossheads and guides, 256 
Crossley gas engine, 485 
Crossley oil engine, tests of, 563 
Curtis marine turbine, 427 
Cushion steam, 297 
Cycle, Carnot, 80 
Cycle, Diesel four-stroke, 476 
Cycle, Otto four-stroke. 475 
Cycle, two-stroko, 477 
Cycles of operation, 474 
Cylinder and steam, interchange of 
heat, 303 

Cylinder feed, 297 

Dalton’S laws, 463 
Darke indicator, 283 
do Laval nozzle, 418 
do Laval turbine, 416 
Dead centres, 350 
Dead weight safety valves, 163 
Deighton’s corrugated furnace tube, 
147 

Densities of liquid fuels, 483 
Diagram factor, 302 
Diesel and Otto cycles, comparison of, 
518 

Diesel cycle, 84 

Diesol cycle, efficiency of. 517, 532 
Diesel engines, 484. 494 
Diesel engines, performance of, 569 
Diesel four-stroke cycle, 476 
Disc and drum turbine, 444 
Dobbie-Mclnnes indicator, 283, 288 
Domes, steam, 155 

Draught, natural and artificial, 206 
et seq. 

Drawbar pull, 241 
Drop valves, 248, 379 
Dryness fraction of steam, 56 
Dummies in reaction turbine, 435 

Eccentric, equivalent, 369 
Eccentric and crank, relative positions 
of, 351 

Eccentric, movable, 365 
Eccentric rods, open and crossed, 369 
Eccentrics, 266 
Economizer, efficiency of, 220 
Economizer, Green's, 182 
Edwards air pump, 465 
Efficiency, air standard, 516 
Efficiency, condenser, 461 
Efficiency, mechanical, 386 
Efficiency of a chimney, 210 
Efficiency of a nozzle, 405 
Efficiency of boilers, 219 
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Efficiency of Diesel cycle, 517, 532 
Efficiency of impulse buckofcs, 413 
Efficiency of Otto cycle, 515, 530 
Efficiency ratio, 380, 517 
Efficiency, relative, 516 
Efficiency, thermal, 388 
Efficiency, vacuum, 461 
Efficiency, volumetric, 41, 525 
Effort of a governor, 330 
Ejector condensers, 457 
Ejectors, air, 472 
Electric ignition, 479 
Electrical thermometors, 2 
Electrical units, 19 
Elliptical valve diagram, 376 
Enorgy, 19 

Energy equation for a gas. 30 

Enorgy, fluctuation of, 308 

Engine cycle, 80 

Engine friction, 383 

Engines, internal combustion, 474 etseq. 

Entropy, 59 

Entropy formulae with variable specific 
heats, 535 

Equivalent eccentric, 369 
Equivalent eccentric of Brommo gear, 
378 

Equivalent eccentric of Hackworth 
gear, 377 

Equivalent eccentric of .Toy gear, 378 
Equivalent eccontric of Walschaert 
gear, 379 

Equivalent evaporation, 217 w 
Equivalent feed, 387 
Ericsson cyelo, 86 
Evaporation, equivalent, 217 
Evaporation, factor of, 217 
Evaporation per lb. of fuel, 218 
Evaporation por sq. ft. of heating 
surface, 218 

Evaporative value of a fuel, 109 
Evaporators, 193 
Exhaust-gas charts, 566 
Exhaust turbines, 446 
Expansion, coefficients of, 3, 4 
Expansion valve. Mover, 360 
Expansion of gases, 23 et seq . 
Expansion of liquids by heat, 5 
Expansion of solids by heat, 3 
Expansion of wator, 5 
Explosion engines, 481 
Express locomotive, 242 

Faetor of evaporation, 217 

Fahrenheit scale, 2 

Fan draught, 211 

Feed check valves, 172 

Feed pumps, 176 

Feed-water filters, 187 

Feed- water heators, 181 

Feed-water heating, gain due to, 181 

Feed-water regulators, 189 

Filters, feed- water, 187 

Flash point, 114 


Flow of steam through nozzle, 402 
Flow of steam through orifice, 398 
Fluctuation of energy, 308 
Fluctuation of energy in gas engines, 
310 * 

Fly-whoels, 310 

Fly-wheels, construction of, 312 
Force and momentum, 410 
Forced draught, 212 
Forced lubrication, 236 
Formation of stoara in a boiler, 52 
Four-stroke versus two-stroke cycle 
engines, 511 

Fox’s corrugated furnace tube, 147 
Freezing point, 2, 9 
Friction, effect of, on governors, 321 
Friction factor, 412 
Friction horse-power, 386 
Friction in impulse buckets, effect of, 
412 

Friction in nozzle, effect of, 404 
Fuel and combustion, 95 et seq . 

Fuels, composition of, 98 

Fuels for internal combustion engines, 

482 

Furnace tubes, 147 
Fusible plugs, 174 
Fusion, latent heat of, 9 

Galloway tubes, 148 
Gas consumption and power, 553 
Gas, energy equation for, 30 
Gas engine, Crossloy, 485 
Gas engine, Korting two-stroke cycle, 
488 

Gas engine, Oechelhauser, 490 
Gas engine power losses, 547 
I Gas engino, test of, 546 
I Gas engines, hoat losses in, 552 
Gas engines, thermal efficiency of, 549 
Gas, natural, 482 
Gas thermometers, 3 
Gas, towu, 482 
Gaseous fuel, 103 

Gaseous fuels, particulars relating to, 

483 

Gases, densities and volumes of, 571 
Gasolono, 114 

Gasolene, density and calorific value of, 
483 

Gay-Lussac, law of, 24 
Geared turbines, 447 
Glands, 252 

Gooch link motion, 368 
Governing of internal combustion 
engines, 480 

Governor, function of, 318 
Governors, 318 et seq . 

Green’s economizer, 182 
Guides and crossheads, 256 

Haekworth gear, equivalent eccontrio 
of, 377 

Hackworth valve gear, 372 
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Handholes in boiler shells, 152 
Harris food- water filter, 188 
Hartnell governor, 833 
Heat accumulator, 446 
Heat and work, 1 ct seq. 

Heat, available, 387 
Heat balances in boiler performances, 
224 

Heat drop, 401 
Heat engine, elementary, 80 
Heat losses in boiler plant, 220 
Heat losses in gas engines, 552 
Heat lost through external radiation, 
223 

Heat lost through incomplete com- 
bustion of carbon, 222 
Heat lost through moisture in fuel, 223 
Heat lost through unburnt fuel, 222 
Heat, mechanical equivalent of, 20 
Heat of combustion, 105 
Heat received or rejected during ex- 
pansion or compression, 38 
Heat, theory of, 1 
ITeat, transmission of, 11 
Heat, unit of. 5 
Heaters, feed-water, 181 
Height ratio in velocity-compounded 
turbines, 422 

Helical springs for governors, 333 
Hero’s engine, 432 
Hinkloy’s fly-wheel, 313 
Hit-and-miss governing, 480 
Hopkiuson optical indicator, 290 
Horse-power, 18 
Horse-power, boiler, 218 
Horse-power, friction, 386 
Horse-power, indicated, 275 
Hot-bulb, 484 
Hot-well, 454 
Humphrey pump, 492 
Hunting of a governor, 329 

Ideal heat engine cycles, 80 et seg. 
Ignition, 479 
Ignition, premature, 484 
Impulse and reaction turbines com- 
bined, 444 

•Impulse buckets, effect of friction in, 
412 

Impulse buckets, efficiency of, 413 
Imrulse buckets, maximum efficiency 
of, 414 

Impulse-reaction turbines, 433 
Impulso turbine, action of steam on 
buckets of, 410 

Impulse turbines, compound, 418 
Impulse turbines, pressure-com- 
pounded, 423 

Impulso turbines, vclocity-compoundod , 
420 

Indicated horse-power, 275 
Indicated horse-power of internal 
combustion engines, 478 
Indicated steam, 275, 297 


Indicated work on turbmo wheel, 411 
Indicator cock, 284 

Indicator diagram probloms, 273 ct seq. 
Indicator diagrams, combination of, 
299 

I Indicator diagrams, effects of spoed on, 
296 

Indicators and indicator diagrams, 282 
et seq. 

Induced draught, 212 
Injector, theory of, 406 
Injectors, 179 

Interchange of heat between steam and 
cylindor, 303 

Internal combustion engine and steam 
engine combined, 512 
Internal combustion engines, 474 ct seq. 
Internal combustion engines, perform- 
ance of, 616 et seq. 

Internal combustion engines, theory 
of, 515 ct seq. 

Internal efficiency of turbine, 426 
Internal energy of a gas, 26 
Internal energy of a gas, graphic repre- 
sentation of, 36 

Internal energy of gas engine mixturo. 
524 

Iscn tropic expansion, 68, 69 
Iscntropic expansion, work done during, 
72 

Isochronism, 329 

Isothermal expansion and compression, 
28 

Isothermal expansion or compression, 
work done during, 35 
Isothermals for imperfect gas, 29 

Jackets, stoam, 394 
Jet condensers, counter current, 456 
Jet condensers, parallel flow, 455 
Joy gear, equivalent eccentric of, 378 
Joy valve gear, 374 
J oule cycle, 85 
Joulo-Thomson effect, 26 
Junction valves, 169 
Junk riug, 249 

j Kermode’s liquid fuel burners, 115- 
118 

Kerosene, 114 

Kerosene, density and calorific value 
of, 483 
Kilowatt, 19 
Kinetic energy, 19 

Korting two-stroke cycle gas engine, 
488 

Labyrinth packing, 439, 441 
Lancashire boilers, 123 
Lancaster’s metallic packing, 258 
Lap, outside and inside, 343 
Latent hoat, 8 
Latent heat of fusion, 9 
Latent heat of stoam, 53 
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Latent heat of vaporization, 9 
Law of partial pressures, 408 
Lead of a valve, 844 
Loblanc rotary dry air pump, 471 
Leblanc steam air ejector, 472 
Led ward’s ejector condenser, 457 
Lever safety valvqp, 163 
Lignite, 112 

Link motion, Allan, 3G8 
Link motion, Gooch, 3G8 
Link motion, marine, 367 
Link motion, Stephenson, 366 
Link motions, 366 
Liquid fuel, 114 

Liquid fuels, densities and calorific 
values of, 483 

Ljungstrom reaction turbine, 439 
Loaded governors, 320 
“ Looombile,” 245 
Locomotive boiler details, 156 
Locomotive boilers, 126 
Locomotive, express, 242 
Locomothe, tractive forco of, 241 
Locomotives, adhesion of, 241 
Locomotives, mechanical efficiency of, 
' 387 

Locomotives, performance of, 392 
Locomotives, superheated steam in, 
392 

Locomotives, wheel arrangements of, 
240 

Lodge liigh-tension ignition, 480 
Lubrication, forced, 236 


Macfarlane Gray’s construction for 
equivalent eccentric, 371 
Manholes in boiler shells, 152 
Marine boilers, 125 
Marine engine link motion, 367 
Marine ongin^s, reciprocating, 238 
Marino safoty valve, 168 
Marine turbine, Curtis, 427 
Marshall “ Locomobile,” 245 
Marshall valve gear, 872 
Maximum efficiency of impulse buckets, 


x 414 

' / Mean effective pressure 274, 293 
•Moan indicator diagram, 295 
^Mochanical efficiency, 38G 
Mechanical efficiency, gas engine, 517 
Mechanical efficiency of locomotives. 


/ 387 

"Mechanical equivalent of heat, 20 
Melting point, 9 

M.E.P. referred to L.P. cylinder, 294 
Mercurial thermometer, 2 
Metallic packing, 253 
Methylated spirit, density and calorific 
value of, 483 

Moyer expansion valve, 360 
Michcll thrust block. 437 
Missing quantity, 297 
Mixed pressure turbines, 447 
Molecule, 95 


Mollier chart, 64 

Momentum and force, 410 

Morison s corrugated furnace tube, 147 

Motors, compressed air, 45 

Movable eccentric, 365 

Multiple-stage compressors, 42 

Naphtha, 114 

Natural and ar tiff cal draught, 206 
ct seq. 

Natural gas, 482 

Nicholson, formula for heat trans- 
mission, 17 
Nozzlo, de Laval, 418 
Nozzle, effect of friction in, 404 
Nozzle, efficiency of, 405 
| Nozzlo, flow of steam through, 402 

Oechelhauser gas engine, 490 
Oil engine, Crossley, tests of, 563 
Oil engine, Campbell, 498, 504 
Oil engino, two-stroke cycle, 504 
Oil engines, performance of, 564 
Oil engines, typos of, 484 
Oil fuel, 101 
Optical indicators, 289 
Orifice, flow of steam through, 398 
Osborne Reynolds, formula for beat 
transmission, 17 

Ostatki, density and calorific value of, 
483 

Otto and Diesel cycles, comparison of, 
518 

Otto cyclo, 84, 475 

Otto cycle, efficiency of, 515, 530 

Oval valve diagram, 876 

Packing 1 , labyrinth, 439, 441 
Parabolic governors, 829 
Paraffin oil, 114 

Paraffin oil, density and calorific value 
of, 483 

Parsons turbine, 433, 435 
Parsons' vacuum augiuentcr, 469 
Partial pressures, law of, 463 
Peat, 112 
Poat charcoal, 114 
Pendulum, revolving, 818 
Perfect gaB, properties of, 28 
Performance of condensing engines, 
394 

Performance of Diesel engines, 559 
Performance of internal combustion 
engines, 546 et seq. 

Performance of locomotives, 392 
Performance of oil engines, 564 
Performance of petrol engines, 554, 
657 

Performance of reciprocating engines, 
886 et scq. 

Performance of steam boilers, 217 
et seq. 

Performance of steam turbines, 449 
Petrol, 114 
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Petrol, density and calorific value of. 

483 

Petrol engines, performance of, 554, 
557 

Petroleum, 114 

Petroleum, density and calorific value 
of, 483 

Piston, large gas engine, 490 
Piston valves, 347 
Pistons, 249 

Pistons, aero engine, 507 
Plugs, fusible, 174 
“ Pop ** safety valve, 167 
Porter governor, 321 
Potential energy, 19 
Power of a boiler, 218 
Power of a governor, 332 
Prehoating air in compressed air 
motors, 48 

Premature ignition, 484 
Pressure-compounded impulse tur- 
bines, 423 

Prossure-compounded turbines, theory 
of, 425 

Pressuro compounding, 419 
Pressure compounding and velocity 
• compounding combined, 427 
Pressure, critical, 11, 398 
Pressuro energy of a liquid, 52 
Pressuro gauges, 160 
Pressure-velocity compounding, 420 
Products of combustion, 99 
Products of combustion, specific heat 
of, 110 

Proell governor, 324 
Properties of a perfect gas, 28 
Properties of steam, 52 et seq. 

Pumps, feed, 176 
PV = RT, 24 
PVY = 0, 30 
PV» = G, 31 
Pyrometers, 2 

Quadruple-expansion engine, 
marine, 239 

Quality governing, 480, 481 
Quality of steam, 56 
Quantity governing, 480, 481, 485 

Radial valve gears, 372 
Radiation, 11 
Ramsbottom rings, 250 
Rankine cycle, 87 

Itankine formula for heat transmission, 

16 

Rate of combustion, 214 

Rate of work, 18 

Rateau turbine, 423 

Reaction and impulse turbines com- 

hinm? A.A.A. 

Reaction turbine, 432, 433 
Reaction turbine, aotion of steam on 
blades of, 484 

Reaction turbine, Ljungstrdm, 439 


Reaction turbines, blading of, 438 
Receiver compound engines, 284 
Reciprocating engines, performance of, 
386 et seq. 

Reciprocating engines, types of, 232 
Reciprocating steam engine details, 
249 et seq . 

Reciprocating steam engines, 231 et 
seq* 

Reducing gears, 291 

Reducing turbines, 447 

Reducing valves, 195 

Regenerativo steam accumulator, 446 

Rogenorator, 84 

Regulator, locomotive, 271 

Regulators, feed-water, 189 

Reheat factor, 426 

Relative efficiency, 516 

Relative motion circles, 363 

Relief valves, 272 

Reuleaux valve diagram, 355 

Reversible cycle, 93 

Reversible engine, 93 

Richards indicator, 283 

Richardson strips, 346 

Riveted joints in boiler shells, 145 

Safety valves, 161 
Saturated steam. 54 
Saturated steam, properties of, 572 
575 

Saturation curve, 298 
Saturation temperature, 9 
Schmidt’s stuffing-box, 254 
Schmidt’s superheater, 201 
Second law of thermodynamics, 93 
Semi-Diesel engines, 484 
Semi-portable steam power plants, 244 
Sensible heat, 53 
Sensitiveness of governor^ 326 
“ Sentinel ” steam trap, 198 
Separating calorimeter, 77 
Serve boiler tube, 154 
Shale oil, density and calorific value of, 
483 

Slide valve diagram, Bilgrum’s, 355 
Slide valvo diagram, Reuleaux’B, 355 
Slido valve diagram, Zeunor’s, 352 
Slide valve, double ported, 344 
Slide valve problems, 357 
Slide valve, simple, 342 
Slido valves, relief arrangements for, 
345 

Smoke-tube boilcra, 121 
Speoifio beat, 6 

Specific heat of gases at constant 
volume, 522 

Specific beat of gases in ft. lb. per cu. 
ft., 521 

Specific heat of products of combustion, 
110 

Specific heat of superheated steam, 57 
Speoifio heat, variation with tem- 
perature, 6 
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Specific heats of gas engine mixture, 
523 

Specific heats of gases, 26 
Specific heats, true and mean, 6 
Specific volume of superheated steam, 
58 

Speed of impulse buckets for maximum 
efficiency, 413 
Speed ratio in turbines, 415 
Spring-loaded governors, 333 
Spring-loaded safety valves, 166 
Stability of a governor, 329 
Stage efficiency of turbine, 426 
Stays, boiler, 149 

Steam arid cylinder, interchange of 
heat, 303 

Steam boiler accessories, 176 ct seq. 
Steam boiler details, 145 et seq. 

Steam boiler mountings, 158 et scq. 
Steam boilers, 121 et scq. 

Steam boilers, performance of, 217 
et seq. 

Steam calorimetors, 75 
Steam collecting pipe, 154 
Steam consumption from indicator 
diagram, 275 

Steam consumption, Rankine cycle, 91 

Steam domes, 155 

Steam engine details, 249 ct seq. 

Steam engines, reciprocating, 231 
et seq . 

Steam jackets, 394 

Steam, properties of, 52 et scq. 

Steam separators, 196 
Steam tables, 572-577 
Steam traps, 197 
Steam turbines, 398 el seq. 

Steam turbines, performance of, 449 
Stefan’s law, 12 
Stephenson link motion, 366 
Still engine, 512 
Still engines, trials of, 665 
Stirling cycle, 84 
Stirling wator-tubo boiler, 136 
Stop valve, Crosby, 169 
Stop valve, Hopkinson-Ferranti, 171 
Stop valves, 169 
Stuffing-boxes, 252 
Stuffing- boxes, gas engine, 491 
Sublimation, 9 
Suction temperature, 525 
Sugden’s superheater, 200 
Sulzer engines, trials of, 565 
Superheated steam, 57 
Superheated steam in locomotives, 
392 

Superheated steam, properties of, 576, 
577 

Suporbeaters, 199 

Superheating and compounding in 
locomotives, 892 

Superheating, economy due to, 389 
Surface combustion, 142 
Surface condensers. 458 


Tabor indicator, 283 
Tank boiler b, 121 

Tar oil, density and calorific value of, 
483 

Temperature, 1 
Temperature, absolute, 23 
Temperature, critical, 11 
Temperature head, 13 
Temperature of combustion, 110 
Temperature, suction, 525 
Temperature-entropy chart for gas 
engine mixturo, 540 

Temperature-entropy chart for water 
and steam, 61 

Temperature-entropy diagram, 59, 300, 
536 

Theory of heat, 1 
Theory of injector, 406 
Theory of internal combustion engines, 
515 ct seq. 

j Theory of pressure- compounded tur- 
bines, 425 

Thermal conductivities, 13 
Thermal officioncy of gas engines, 549 
| Thermal efficiency of steam engines, 

' 388, 394 

Thermal storage, 204 
Thermodynamics, 20 
Thermodynamics, terms and theorems 
from, 92 

Thermometers, 2 
Thompson indicator, 283, 293 
Throttle valves, 268 
Throttling calorimeter, 75 
Throttling of steam, 73 
Thrust block, Michell, 437 
Tookey factor, 567 
j Torque, 18 

I Total hoat of saturated steam, 53, 672- 

575 

Total heat of superheated steam, 67, 

576 

Total heat-entropy chart, 64 
Total heat-pressure chart, 68 
Town gas, 482 

Tractive force of a locomotive, 241 

Transmission of heat, 11 

Trick valve, 344 

Trip gear for drop valves, 381 

Triple-expansion engine, Allen, 236 

Triple-expansion engine, marine, 238 

Triple-expansion engine, trials of, 391 

Try cocks, 158 

Tube plates, condenser. 460 

Tubes, boiler, 153 

Tubes, condenser, 460 

Turbine, Curtis marine, 427 

Turbine, disc and drum, 444 

Turbine, de Laval, 416 

Turbine pair, 398 

Turbine, Parsons, 433, 435 

Turbine, pure reaction, 432 

Turbine, Bateau, 423 

Turbine stage, 398 



592 


HEAT ENGINES 


Turbine, Zoelly, 423 
Turbines, axial flow, 439 
Turbines, back pressure, 446 
Turbines, bleeder, 447 
Turbines, exhaust, 446 
Turbines, geared, 447 
Turbines, impulse-reaction, 433 
Turbines, mixed pressure, 447 
Turbines, performance of, 449 
Turbines, reduoing, 447 
Turbines, 6team, 398 ct aeq. 

Turning moment, 18 
Two-stroke cycle oil engine, 504 
Two-stroke versus four-stroke cycle 
engines, 511 

UniflOW engine, 246 
“ Uniflux ” surfaco condenser, 458 
Unit of beat, 5 

United States metallic packing, 254 

Vacuum augmenter, Parsons’, 469 
Vacuum efficiency, 461 
Vacuum in turbines and reciprooating 
engines, 444 

Vacuum measurement, 453 

Valve circles, 353 

Valve diagram, Bilgram, 355 

Valve diagram, oval or elliptical, 376 

Valve diagram, Beuleaux, 355 

Valve diagram, Zeuner, 352, 354 

Valve ellipse, 376 

Valve gear, Bremme, 373 

Valve gear, Hack worth, 372 

Valve gear, Joy, 374 

Valve gear, Marshall, 372 

Valve gear, Walschaert, 374 

Valve gears, radial, 872 

Valve, Trick, 344 

Valves, air pump, 465 

Valves and valve gears, 342 ct seq 

Valves, blow-off, 173 

Valves, Corliss, 383 

Valves, drop, 248, 379 

Valves, feed check, 472 

Valves, junction, 169 

Valves, piston, 847 

Valves, reducing, 195 

Valves, relief, 272 

Valves, safety, 161 


Valves, simple slide, 342 
Valves, stop, 169 
Valves, throttle, 268 
Vaporization, latent heat of, 9 
Vaporizer, 484 
Velocity, coefficient of, 412 
Velocity compounding, 419 
Velocity compounding and pressure 
compounding combined, 427 
Velocity-compounded impulse turbines, 
420 

Velocity of whirl, 412, 443 
Volt, 19 

j Volumetric efficiency, 41, 525 

Wagon top loco, boiler, 131 
Walschaert gear, equivalent eccentric 
of, 379 

Walschaert valve goar, 374 
Water, expansion of, 5 
Water for condensation of steam, 460 
Water-level indicators, 158 
Water, specific volume of, 575 
Water-tube boilers, 121, 132 
Watt, 19 

Weir’s dual air pumps, 467 

Weir’s evaporator, 194 

Weir’s feed pump, 176 

Weir’s feed- water heaters, 184, 185 

Wet and dry air pumps combined, 467 

Wet steam, 56 

Wheel-base of a locomotive, 240 
Whirl, volocity of, 412, 443 
Willans line, 277, 391, 450, 553 
Wing blades, 434 
Wire-drawing of steam, 73 
White- Forster feed- water regulator, 
189 

White-Forster water- tube boiler, 140 

Wood, 111 

Wood charcoal, 113 

Woolf compound engines, 234 

Work, 18 

Yarrow water-tube boiler, 140 

Zenith carburettor, 509 
Zeuner valve diagram, 352, 354 
Zoelly turbine, 423 
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